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ABSTRACT  
  
Influence  of  Rock  Types  on  Seismic  Monitoring  of  CO2  Sequestration  in  Carbonate  
Reservoirs.  (August  2011)  
Elnara  Mammadova,  B.S.,  Azerbaijan  State  Oil  Academy  
Chair  of  Advisory  Committee:  Dr.  Yuefeng  Sun  
  
  
   Although   carbonates   hold   more   than   60%   of   the   ZRUOG¶V   oil   reserves,   they,  
nevertheless,   exhibit   much   lower   average   recovery   factor   values   than   terrigenous  
sandstone   reservoirs.   Thus,   utilization   of   advanced   enhanced   oil   recovery   (EOR)  
techniques  such  as  high  pressure  CO2  injection  may  normally  be  required  to  recover  oil  
in   place   in   carbonate   reservoirs.   This   study   addresses   how   different   rock   types   can  
influence  the  seismic  monitoring  of  CO2  sequestration  in  carbonates.  
   This   research   utilizes   an   elastic   parameter,   defined   in   a   rock   physics  model   of  
poroelasticity   and   so-­called   as   the   frame   flexibility   factor,   to   successfully   quantify   the  
carbonate   pore   types   in   core   samples   available   from   the  Great   Bahama   Bank   (GBB).  
This   study   shows   that   for   carbonate   samples   of   a   given   porosity   the   lower   the   frame  
flexibility   factors   the  higher   is   the   sonic  wave  velocity.  Generally,  samples  with   frame  
flexibility  values  of  <4  are  either  rocks  with  visible  moldic  pores  or  intraframe  porosity;;  
whereas,  samples  with  frame  flexibility  values  of  >4  are  rocks  with   intercrystalline  and  
microporosity.   Hence,   different   carbonate   pore   geometries   can   be   quantitatively  
   iv  
predicted  using  the  elastic  parameters  capable  of  characterizing  the  porous  media  with  a  
representation  of   their   internal   structure  on  the  basis  of   the   flexibility  of   the   frame  and  
pore  connectivity.  
   In  this  research,  different  fluid  substitution  scenarios  of   liquid  and  gaseous  CO2  
saturations   are   demonstrated   to   characterize   the   variations   in   velocity   for   carbonate-­
specific  pore  types.  The  results  suggest  that  the  elastic  response  of  CO2  flooded  rocks  is  
mostly   governed   by   pore   pressure   conditions   and   carbonate   rock   types.  Ultrasonic   P-­
wave  velocities  in  the  liquid-­phase  CO2  flooded  samples  show  a  marked  decrease  in  the  
order   of   0.6   to   16%.   On   the   contrary,   samples   flooded   with   gaseous-­phase   CO2  
constitute   an   increase   in   P-­wave   velocities   for  moldic   and   intraframe  porosities,  while  
establishing  a  significant  decrease  for  samples  with  intercrystalline  and  micro-­porosities.  
Such   velocity   variations   are   explained   by   the   stronger   effect   of   density   versus  
compressibility,   accounting   for   the   profound   effect  of   pore   geometries   on   the   acoustic  
properties  in  carbonates.  
   The  theoretical  results  from  this  research  could  be  a  useful  guide  for  interpreting  
the   response   of   time-­lapse   seismic  monitoring   of   carbonate   formations   following  CO2  
injection   at   depth.   In   particular,   an   effective   rock-­physics   model   can   aid   in   better  
discrimination   of   the   profound   effects   of   different   pore   geometries   on   seismic  
monitoring  of  CO2  sequestration  in  carbonates.  
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1.   INTRODUCTION  
  
1.1   Motivation  and  Significance  
  
   The  subject  of  carbonates  and  predicaments  associated  with  their  exploration  and  
production   has   become   increasingly   important   for   both   researchers   and   oil   industry  
ZLWKLQWKHODVWGHFDGH&DUERQDWHVDFFRXQWIRUDSSUR[LPDWHO\RIWKHZRUOG¶VRLODQG
40%   RI WKH ZRUOG¶V JDV UHVHUYHV (Schlumberger,   2007).   Hence,   the   commercial  
importance   of   carbonates   has  made   them  a   significant   component   of   future   petroleum  
endeavors.   Nevertheless,   carbonates   exhibit   lower   average   recovery   factor   values   of  
about  20-­35%  as  compared  to  terrigenous  sandstone  reservoirs,  which  can  be  governed  
by   a   recovery   factor   of   up   to   70%.   It   is   merited   by   complexities   of   carbonate   pore  
geometries   than   their   siliciclastic   counterparts,   thus,   offering   a   greater   challenge   for  
exploration  and  production.  
   Most  of  the  previous  experimental  and  theoretical  studies  on  acoustic  properties  
mainly   focus   around   siliciclastic   rocks,   which   are   unlikely   to   be   applicable   in  
carbonates.   It   would   certainly   create   a   big   challenge   for   us   to   understand   carbonates  
based   on   those   insights   gained   from   siliciclastics.   Thus,   growing   attention   has   been  
converging  towards  the  development  of  new  technologies  and  processes  related  to  
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   Porosity  and  permeability  are  very   important  parameters   in  reservoir  estimation  
and   characterization,   however   these   properties   can   be   very   different   in   carbonates  
relative  to  their  siliciclastic  counterparts.    Carbonates  exhibit  much  more  complex  pore  
geometries   than   siliciclastic   rocks.  While   the   primary   porosity   in   siliciclastic   rocks   is  
almost  exclusively  interparticle,  carbonate  rocks  can  have  variety  of  pore  types,  owing  it  
to   the   complexities   of   associated   pore   and   pore-­throat   systems,   which   are   often  
developed   by   important   role   of   diagenetic   processes   (Ahr,   2008).   The   carbonate   pore  
geometries  may  represent  both  isolated  pores  and  connected  networks  occupied  by  pore  
fluids.  Thus,  porosity  and  permeability  in  carbonates  are  conversely  related  to  individual  
pore   types   and   pore   to   pore-­throat   relationships   rather   than   to   the   total   porosity.   This  
factor   contributes   to   a   highly   heterogeneous   distribution   of   different   permeabilities  
within   a   single   reservoir,   ranging   from   less   than   1   millidarcy   to   a   few   darcies.   Such  
heterogeneities   in   carbonates   can   be   a   huge   obstacle   in   characterizing   the   reservoir  
properties   in   carbonates.   It   can   especially   be   extremely   difficult   to   find   a   relationship  
between  seismic  properties  and  individual  carbonate  pore  geometries,  making  the  direct  
identification  of  hydrocarbons  nearly  impossible.  By  and  large,  carbonate  porosities  and  
permeabilities  vary  as  independent  parameters,  and  it  requires  an  accurate  rock-­physics  
model  to  make  them  somewhat  predictable.  
   Nearly   three   quarters   of   hydrocarbons   in   place   are   not   recoverable   by  
conventional  methods  (Wang  and  Nur,  1989),  which  require  the  utilization  of  Enhanced  
Oil  Recovery  (EOR)  techniques.  Primary  recovery  of  hydrocarbons   is  gravity  drive  oil  
or  by  natural  pressures  of  the  reservoir,  which  may  only  consist  of  about  10  percent  of  a  
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reservoir's   original   oil   in   place.   During   the   secondary   recovery,   the   oil   is   displaced  
towards   the  wellbore   through   the   injection   of  water  or   gas,   resulting  maybe   in   further  
recovery  of   the  original  oil   in  place.  Enhanced  oil   recovery   (EOR)  may  offer  ultimate  
production   of   the   reservoir's   original   oil   in   place.   One   EOR   method   includes   high  
pressure   CO2   injection   for   recovering   residual   oil   and   gas.   This   new   generation  
technique   has   recently   emerged   to   meet   the   demands   of   effective   exploration   and  
recovery.  CO2  injection  technique  can  be  used  in  reducing  green-­house  emission  without  
hindering   the   rising   global   energy   demand   and   consumption,   while   sustaining   oil  
production  from  existing  fields.  As  CO2  is  being  injected  into  the  subsurface,  geologists  
and  geophysicists  need  to  image  and  monitor  the  CO2  to  be  able  to  quantify  the  amount  
of   injected   fluid,  and  whether  or  not   it   fills   the   subsurface   storage   target  efficiently   as  
predicted   (Lumley,   2010).   The   CO2   injection   responds   to   local   variations   in   rock  
properties.   Therefore,   seismic   monitoring   has   to   be   initiated   for   quantitative   and  
qualitative  characterization  of   such   variations   induced  by   the  properties  of   the   injected  
fluid  and/or  those  of  the  rock  frame.  
   As   carbonates   are   known   for   their   large   variations   in   sonic   velocities   their  
seismic   response   is   poorly   understood.   Since   rock   velocity   is   a   key   parameter   in  
understanding  the  seismic  signatures  induced  by  the  flooding,   it   is  especially  important  
to  explain  such  variations  in  sonic  velocities.  This  would  provide  more  reliable  velocity  
estimation,  as  well  as  improved  characterization  of  the  effects  of  carbonate  pore  types  on  
elastic   properties   of   the   rock.  That   is  where   the   studies   of  modern   carbonates   become  
practical  as  valuable  analogs  to  unraveling  individual  pore  geometries  present  in  the  rock  
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record,   which   will   assist   in   understanding   the   lateral   and   vertical   variations   in   sonic  
velocities.  
   Geological  sequestration  of  CO2  has  never  been  an  easy  task  for  the  oil  industry.  
Depending  on   the  depth  of   storage,  pore  pressure  and   temperature  CO2  will   behave   in  
various   phases.   It   may   exist   in   the   pore   space   of   the   subsurface   lithology   both   as   in  
gaseous   or   liquid   phase   (Wang   and   Nur,   1989).   The   ability   to   model   the   elastic  
properties  of  rocks  saturated  in  CO2  depends  on  the  detailed  knowledge  of  the  effects  of  
CO2  as  a  pore  fluid.  The  compressibility  and  density  of  pure  CO2  can  vary  as  much  as  
one   order   of   magnitude   across   the   pressure-­temperature   range   (Lumley   et   al.,   2008;;  
Lumley,  2010).    
   Because  CO2   is  not  an   inert   fluid,   it   can  geochemically  react  with  the  reservoir  
rock.   This   can   cause   significant   decrease   in   dry   frame   modulus,   which   can   make   it  
difficult   to   isolate   the  CO2   flooding   effect   alone   (Lumley   et   al.,   2008).   Previous   field  
experiments  on  enhanced  oil   recovery  projects  have  shown   that  apart   from  changes   in  
the  seismic  rock  properties,  CO2  can  also  react  with  the  rock  matrix  to  alter  or  dissolve  
the   rock   frame   leading   to   secondary   porosities   (Lumley,   2010;;   Vanorio   et   al.,   2010).  
Other  mechanisms  during  the  diffusion  of   injected  CO2  into  oil-­saturated  porous  media  
involve  oil   swelling   and  viscosity   reductions,  which   in   turn,  enhances   the  oil  mobility  
and   increases   the   oil   recovery   efficiency.   Hence,   knowledge   of   the   physical   and  
chemical   interactions   between  CO2   and   reservoir   oil   in   addition   to   their   effect   on   oil  
recovery  are  very  important  for  correct  projection  of  any  successful  flooding  process.  
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1.2   Statement  of  the  Problem  
  
   This  study  investigates  the  controls  of  different  pore  types  on  seismic  monitoring  
of   CO2   sequestration   in   carbonates.   Initially,   carbonates   are   known   for   their   large  
variations   in   velocity.   Hence,   it   is   important   to   examine   why   rocks   with   the   same  
porosity   can   have   extremely   different   sonic   velocities.   This   requires   an   accurate   rock  
physics  model  and  a  detailed  sedimentological  and  geological  analysis.  Particularly,  the  
investigation   involves   how   and   to   what   extend   rock-­physics   models   can   be   used   to  
identify  different  carbonate  rock  types  in  terms  of  their  elastic  behavior.  The  later  stage  
of  the  research  involves  the  study  of  fluid  substitution  in  carbonates  and  the  influence  of  
individual   carbonate   rock   types   on   seismic   monitoring   of   CO2   sequestration.   It   is  
essential  to  assess  the  reliability  and  quality  of  appropriate  rock-­physics  model  as  a  key  
element  for  time-­lapse  seismic  monitoring  of  CO2  sequestration  in  carbonate  rocks.  
  
1.3   Objectives  
  
   As   indicated   previously,   influence   of   carbonate   rock   type   variations   on   the  
sufficiency  of   seismic  monitoring   of   CO2   flooding   has   not   been   addressed   to  our   best  
knowledge.  The  aim  of  this  study  is  therefore  to  predict  the  variations  in  rock  properties  
induced  by  CO2  flooding,  with  the  comprehension  of  the  elastic  behavior  of  observable  
pore   structures   in   the   rock.   Following   the   scientific   problems   identified   above   for   this  
research,  we   investigate  the   rock-­physics  model   dealing  specifically  with   the  problems  
surrounding   elastic   behaviors   of   carbonates.   The   main   objective   of   this   research   is  
   6  
linking  rock  parameters  such  as  frame  flexibility  factors  (Sun,  2000;;  Sun,  2004)  and  pore  
space   compressibilities   to   observable   pore   structure   in   the   rock,   both   to   infer   the  
significance  of  detectable  variations  (i.e.,  qualitative  interpretation)  and  to  convert  them  
into  actual  properties  of  the  reservoir  rocks  (i.e.,  quantitative  interpretation).  The  second  
objective   of   this   research   involves   assessing   the   influence   of   individual   rock   types   on  
seismic  monitoring  of  CO2  sequestration  in  carbonates  
  
1.4   Previous  Work  
  
   Literature  on  effects  of  CO2  sequestration  on  the  seismic  properties  of  carbonate  
reservoir   rocks   is   relatively   scarce.   Several   theoretical   rock-­physics  models   have   been  
introduced   (Hamilton   et   al.,   1956;;  Rafavich   et   al.,   1984;;  Anselmetti   and  Eberli,   1993;;  
Sayers,   2008;;   Xu   and   Payne,   2009)   on   the   primary   factors   controlling   the   acoustic  
velocities   in   carbonates.   Hamilton   et   al.   (1956)   were   the   first   to   study   the   problems  
associated  with   the   elastic   behavior   of   carbonates   and   observed   a   positive   correlation  
between  the  velocity  and  pore  sizes.  
   Anselmetti   and   Eberli   (1993)   introduced   a   qualitative   rock-­physics   model  
relating   porosity   and   pore   types   to   sonic   velocities   in   carbonates.   Their   model  
acknowledges  the  effect  of  porosity  and  pore  types  on  variations  of  acoustic  properties  in  
carbonates.   However,   problems   in   linking   the   elastic   parameters   to   observable   pore  
structure  in  carbonates  remain  unresolved.  
   Several  authors  have  studied  the  pore  shape  effect  on  elastic  properties,  through  
the  quantification  of  carbonate  pore  structures  and  geometrical  parameters   (Kumar  and  
   7  
Han,   2005;;   Weger   et   al.,   2009).   Sun   (2000)   established   a   simplified   rock-­physics  
velocity  model   by   introducing   a   new  pore   structure   parameter,   called   frame   flexibility  
factor   that   characterize   the   structural   media   with   a   representation   of   their   internal  
structure.   Because   these   frame   flexibility   factors   are   less   dependent   on   porosity   than  
sonic   velocity,   they   can   be   easily   related   to   the   profound   effects   of   carbonate   pore  
geometries  and  pore  connectivity  on  elastic  properties.  
   Due   to   their   simplicity   many   empirical   relationships   and   theoretical   equations  
have   been   practiced   for   years   by   the   industry.   Despite   their   widespread   use,   such  
empirical  fits  do  not  or  insufficiently  account  for  the  variations  in  carbonate  pore  types  
and   GLDJHQHWLF WH[WXUHV 7KHUHIRUH WKH FODVVLF YHORFLW\ WUDQVIRUPV :\OOLH¶V WLPH-­
average  equation  (Wyllie  et  al.,  1958)  and  other  theoretical  relationships  (Gardner  et  al.,  
1974;;   Raymer   et   al.,   1980)   do   not   adequately   explain   the   velocity   variations   in  
carbonates.  
   Several  studies  on  the  effect  of  CO2  flooding  on  wave  velocities  in  rocks  (Wang  
and  Nur,   1989;;  Xue   and  Ohsumi,   2004;;   Siggins,   2006)   have   proven   to   be   the   useful  
guides  for  interpreting  the  response  of  time-­lapse  monitoring  following  CO2  injection  at  
depth.  Resent   rock-­physics   study  of  Wang  et  al.   (1998)  on  seismic  monitoring  of  CO2  
flooding  in  a  carbonate  reservoir  has  shown  that  the  largest  compressional  (Vp)  and  shear  
(Vs)  wave  velocity  changes  caused  by  CO2  injections  are  associated  with  high-­porosity,  
high-­permeability   rocks.   However,   influence   of   carbonate   rock   type   variations   on   the  
sufficiency  of  seismic  monitoring  of  CO2  flooding  has  not  been  addressed  to  our  best  of  
knowledge.  
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1.5   Study  Area  and  Dataset  
  
   In  order  for  this  analysis  to  have  the  validity  and  to  conform  with  the  accuracy  of  
our   rock-­physics   study,   a   modern   analogue   of   carbonates   has   been   selected.   This  
research   uses   a   publicly   available   dataset   from   Bahamas   Drilling   Project   (Ginsburg,  
2001).  The  total  of  89  samples  was  collected  from  two  core  borings  (Clino  and  Unda)  on  
the  western  flank  of  Great  Bahama  Bank  (Figure  1.1).  The  sedimentology  of  these  cores  
has  been  described   in  detail   elsewhere   (Kenter  et   al.,  2001),  and  therefore  only  a   brief  
description  is  included  here.  
   GBB  is  a  low-­angle,  prograding  carbonate  edifice,  where  progradation  is  a  result  
of   sea-­level   fluctuations,   switching   the   carbonate   factory   on,   upon  which   progradation  
took  place.  However,  several  erosional  and  condensed  surfaces  are  also  furnished  when  
sea  level  dropped  below  the  margin.  Two  continuous  core  borings,  Unda  and  Clino  are  
located   8.5   km   apart   from   each   other   on   the   prograding   margin   of   Northwest   Great  
Bahama  Bank  (GBB).  Unda  is  penetrated  mostly  the  topset  of  the  prograding  sequence,  
whereas  the  second  hole  Clino   is  drilled  on  the   inclined   forsets  (Figure  1.2).  Unda  and  
Clino  are  penetrated  to  depth  of  442  and  662  m  below  seafloor,  respectively.  The  oldest  
drilled   sediments   are   middle   Miocene   of   age,   which   corresponds   to   the   well   Unda,  
whereas   the   bottom   of   Clino   reaches   the   age   of   Late   Miocene   only.   The   retrieved  
lithologies   are   platform   interior   to   platform-­margin   and   slope   carbonates,   with   no  
siliciclastics  (Ginsburg,  2001).  
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Figure  1.1  The  map  of  Great  Bahama  Bank  (GBB)  showing  the  locations  of  the  Western  
seismic  line  and  the  two  core  borings,  Clino  and  Unda,  located  8.5  km  from  each  other  
(Ginsburg,  2001).  
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Figure   1.2   Part   of   western   seismic   line,   with   the   location   of   two   continuous   core  
borings,  Clino  and  Unda,  penetrating  the  western  prograding  margin  of  Northwest  GBB  
(Ginsburg,  2001).  
  
   The   experimental   dataset   in   support   of   this   research   contains   the   results   from  
analysis   of   physical   properties   on   discrete   samples   from  Northwestern   Great   Bahama  
Bank   (GBB).  Our  carbonate   samples  are   from   two  continuous  core  borings,  Clino  and  
Unda,   in   a   single   prograding   carbonate   edifice   from  Miocene   to  Pleistocene   age,  with  
platform,   reef   and   slope   depositional   environments.   In   order   to   simulate   the   in   situ  
reservoir   conditions   in   the   laboratory,   ultrasonic   compressional-­wave   and   shear-­wave  
velocities   of   89   carbonate   samples  were  measured   under   varying   confining   and   stable  
pore-­fluid   pressures   (Anselmetti   and   Eberli,   1993).   Other   petrophysical   data   such   as  
porosity,  density  and  permeability,  with   lithological  parameters  taken   from  thin  section  
observations  and  X-­ray  analyses  are  also   included   in  the  dataset.  All  petrophysical  and  
lithological  data  of  measured  minicore  samples  are  listed  in  Appendix  A.  Altogether,  the  
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available  dataset  and   information   is  combined   into  an   integrated  reservoir  rock  physics  
model  in  provision  of  our  simulated  CO2  fluid  substitution.  
  
1.6   Methods  
  
   This   research   is   the   integration   of   geology   and   geophysics   via   rock-­physics  
model  as  follows:    
(1)   Qualitative   and   quantitative   characterization   and   identification   of   individual  
carbonate  rock  types  in  GBB,  based  on  89  samples  collected  from  cores  of  Unda  
and  Clino  from  various  depths  and  from  all  representative  lithologies;;  
(2)   Linking  pore  geometries  to  elastic  properties  using  physically  sound  rock  physics  
models;;  
(3)   Analyses  of  the  influence  of  different  carbonate  rock  types  on  seismic  monitoring  
of  CO2  sequestration  under  different  injection  and  effective  pressures;;  
   The   first   part   of   the   research   involves   the   examination   of   physical   and   elastic  
properties,  with  the  pressure  dependence  analyses  of  sonic  velocities  in  carbonates  from  
GBB   (Ginsburg,   2001).   Based   on   the   geological   background   from   the   area,   including  
depositional   environment   and   diagenetic   history,   both   qualitative   and   quantitative  
interpretations   are   delivered.   The   interpretations   are   then   used   to   identify   individual  
carbonate  rock  types  and  their  influences  on  elastic  properties.    
   The   second   part   of   the   research   focuses   on   the   application   of   available   rock-­
physics   models   capable   of   quantifying   the   different   carbonate   pore   geometries.   The  
elastic   parameter   introduced   through   Sun   (2000)   model   provides   a   characterization   of  
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structural  media  with  a  representation  of  their  internal  structure.  In  order  to  quantify  the  
velocity   deviations   at   given   porosity   we   introduce   a   different   rock-­physics   model  
(Baechle  et  al.,  2006)  involving  the  pore  space  compressibility  of  the  rock.  By  providing  
a  non-­linear  relationship,   this  model  quantifies  of   the  profound  effect  of  pore  structure  
and  its  connectivity  on  the  elastic  properties  in  carbonates.  
   The   last   part   of   the   research   investigates   how   different   rock   types   have   an  
influence   on   seismic   monitoring   of   CO2   sequestrations   in   carbonates.   The   fluid  
substitution  model   based   on  Gassmann   equation   (1951)   is   used   to   estimate   the   elastic  
moduli  of   initially  water-­wet   rock  types   before  and  after   the   fluid   substitution.  Taking  
into  account  that  the  quality  of  Gassmann   fluid  substitution  model   is  highly  dependent  
on   the   accuracy   of   fluid   parameters,   CO2   properties   in   gaseous   and   liquid   phases   are  
estimated   (Batzle   and  Wang,   1992).  Having   a   correct   estimation   of   CO2   properties   is  
especially   important  when   varying   injection   pressures   are   involved   in   the   substitution  
model.  Since  CO2  must  be  injected  at  a  higher  pressure  than  the  original  formation  pore  
fluid  pressures,  CO2   injection  decreases  the  effective/differential  reservoir  pressure.  As  
the  pore  pressure  increases,  both  the  bulk  modulus  and  the  bulk  density  of  CO2  increase  
considerably  which   consequently   results   in   different   phase   behavior   of  CO2   (liquid   or  
gas).   Using   measurements   from   core   samples   with   equal   porosities   we   simulate   fluid  
saturations  ranging  from  water  to  oil  and  oil  to  CO2.  This  will  shed  light  on  the  relative  
effects  of  CO2  sequestration  on  sonic  properties  of  the  rock.  
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2.   GEOLOGICAL  ANALYSIS  OF  ACOUSTIC  PROPERTIES  OF  
CARBONATE  ROCKS  
  
2.1   Introduction  
  
   Because  of   the  peculiarity  of  carbonates   to  diagenesis,   their   characterization  of  
acoustic   properties   has   always   been   a   challenge.   Over   the   past   century,   many   studies  
have   increased   our   knowledge   of   acoustic   wave   propagation   in   siliciclastic   rocks  
(Marion  et  al.,  1992;;  Vernik  and  Nur,  1992).  However,  the  concepts  derived  from  such  
studies  have  not  proven  to  be  fully  applicable  in  carbonates.  
   Acoustic   wave   propagation   in   rocks   is   affected   by   many   factors   such   as   pore  
fluid  content,  rock  framework  and  pore  space,  among  others.  The  rock  framework  and  
pore  space   in  carbonates  are  controlled  by  both  the  nature  of  depositional  environment  
and  diagenetic  history  of   the  rocks.  Nonetheless,  porosity   is  considered  to  be  the  main  
controlling   factor   in  determining   the   sonic   velocities   in   rocks.  However,   in  carbonates  
pore   structures   are   nearly   equally   important   as   the   total   porosity   in   determining   the  
acoustic  wave  propagation  (Anselmetti  and  Eberli,  2001).  
   Post-­depositional   processes   especially,   such   as   mechanical,   chemical   or  
biological  events  can  cause  a  wide  velocity  distribution  in  carbonates.  Because  carbonate  
minerals   are   prone   to   chemical   changes,   diagenesis   is  more   prevalent.   Diagenesis   can  
fundamentally   modify   the   pore   structure   and   mineralogy   of   the   rock,   particularly,  
dissolution,   recrystallization   and   cementation   processes   can   continuously   rework   the  
pore   structure   to   either   create   or   destroy   porosity.   These   diagenetic   alterations   and  
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associated   changes   in   the   rock   frame   and   the   pore   structure   result   in   a   wide   range   of  
sonic   velocity   measurements   at   a   given   porosity.   In   concert,   velocity   is   a   combined  
effect  of  many  processes,  during  and  after  deposition.  
   This  section  investigates  and  characterizes  the  carbonate  specific  pore  types,  their  
velocity   patterns,   and   the   relationships   between   the   physical   rock   properties   and   the  
lithological  variations.  The  detailed  laboratory  measurements  from  two  core  borings  on  
the   prograding   western   margin   of   GBB   (Ginsburg,   2001)   provide   an   excellent  
opportunity   to   study   the   lithological   factors   that   control   the   sonic   velocities   in  
carbonates.  There  are  89  samples  in  total,  with  variety  of  diagenetic  features  enabling  the  
characterization  of  velocity  patterns  with  respect  to  different  diagenetic  stages.  
  
2.2   Velocity  Analysis  
  
   Both   compressional   and   shear   wave   velocities   (Vp   and   Vs)   of   89   minicore  
samples  from  different  depositional  environments  and  geological  ages  were  measured  at  
10   MPa   confining   and   2   MPa   pore   fluid   pressures   (Anselmetti   and   Eberli,   1993).  
Samples  are   highly  porous,   so  the   resulting  effective  pressure  of  8  MPa  was  sufficient  
for   good   signal   transmission   without   causing   any   significant   fracturing   in   the   rocks  
(Anselmetti,  1994).  Samples  range  from  unconsolidated  mud  to  lithified  sediments.  The  
successions   of   both   two   continuous   core   borings,   Clino   and   Unda,   correspond   to   the  
prograding   part   of   the   platform   margin.   Nevertheless,   the   intervals   of   deeper-­water  
sediments   record   periods   of   rapid   rise   of   sea   level   and   possible   backstepping   of   the  
platform  and  reefal  units  (Anselmetti,  1994).  
   15  
  
  
Figure   2.1  Correlation   of  Vp   and  Vs   (at   8  MPa   effective   pressure)   relative   to   depth,  
depositional  environment  and  age.  Total  of  89  minicore  samples  collected  from  the  two  
drillholes  Unda  (right)  and  Clino  (left)  on  Great  Bahama  Bank  (GBB).  Shaded  areas  in  
graph  correspond  to  the  shallow  water  platform  deposits  (Anselmetti,  1994).  
  
   Unda  is   located  10  km  from  the  modern  platform  edge  and  penetrates  to  454.15  
m  below  the  mud  pit  datum  (Figure  2.1).  The  top  of   the  rock  section   is  of  Pleistocene,  
and  the  bottom  is  of  Middle  Miocene  age.  Unda  is  characterized  by  three  successions  of  
shallow-­water   platform   and   reefal   deposits   that   alternate   with   deeper   shelf   deposits.  
Clino,   on   the   other   hand,   is   8.5   km  west-­southwest   of  Unda,   penetrating   to   677.70  m  
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below   the   mud   pit   datum   (Figure   2.1).   Clino   is   characterized   by   a   single   interval   of  
shallow   water   platform   and   reefal   sediments   overlying   a   thick   succession   of   slope  
sediments  subdivided  into  upper  and  lower  units.  
   The  usual  assumption  of  velocity  increasing  with  depth  (Hamilton,  1980;;  Japsen,  
1993)   is   not   valid   for   samples   from   GBB.   Figure   2.1   reveals   that   there   is   no   clear  
relationship   between   depth/age,   and   velocity   trends.   However,   there   is   a   visible  
correlation   between   the   depositional   environments   and   the   velocity   distributions.  Both  
drillholes   display   higher   velocity   and   velocity   variations   for   shallow   water   platform  
deposits  relative  to  deeper  water  sediments.  
   Depositional  environments  are   important   in   terms  of   the   established   lithologies  
and   their   susceptibility   to   future  diagenetic  alterations.  The  different   lithologies  would  
have   different   response   mechanisms   to   diagenetic   processes   (Schlanger   and   Douglas,  
1974).  Shallow  water   sediments   are   coarser   than   deep  water   sediments.  Hence,   coarse  
grains   allow   higher   fluid   flow   and   higher   concentration   of   metastable   minerals  
(aragonite)   during   deposition,   thus   resulting   in   more   rapid   diagenetic   alterations.  
Meanwhile,  deeper  water  deposits  generally  undergo  less  diagenetic  alterations  and  are  
therefore  lower-­velocity  zones  compared  to  reefal  units  and  platform  margin  carbonates.  
The  younger  sediments  of  both  drillholes  at  shallow  depths  have  higher  velocities  due  to  
intense  diagenetic  alterations   that   take  place  much   faster   than  compaction   (Anselmetti,  
1994).   Hence,   the   velocity   distribution   of   GBB   is   more   a   function   of   a   depositional  
environment  and  diagenetic  history,  rather  than  the  compaction  or  burial  depth/age.    
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   The   block   diagram   of   depositional   environments   against   acoustic   velocities  
implies  that  the  majority  of  the  samples  are  comprised  of  slope  deposits,  which  are  low  
velocity   samples   (Figure   2.2).   Only   about   9%   of   all   the   slope   samples   show   higher  
velocities  above  4500  m/s  corresponding  to  skeletal-­rich  turbidities  of  platform-­derived  
material   in   slope   intervals.  The   platform  deposits   show  highest   velocity   average.  Reef  
deposits  exhibit  both  low  and  high  velocities  triggered  by  different  diagenetic  processes,  
such  as  dissolution  and  cementation  that  can  alter  the  pore  space  either  by  increasing  or  
reducing   the  porosity.  The  average   velocity   for   reefal  deposits   has  a   transitional   value  
between  slope  and  platform  facies  (4227  m/s).  
   Porosity   distributions   do   not   show   much   consistency   with   depositional  
environments  (Figure  2.3).  However,  50%  of  all  the  samples  display  porosities  between  
40   and   50%   much   of   which   consists   of   unconsolidated   mud   of   slope   deposits   and  
intervals  with  vuggy   to  cavernous  porosity  of   shallow  water  platform  and   reefal   facies  
altered   during   extensive   meteoric   diagenesis.   Lowest   porosities,   on   the   other   hand,  
correspond  to  the  well  cemented  samples  of  reefal  units.  
   The  measured  velocities  of  89  samples  from  both  cores  of  Clino  and  Unda  at  an  
effective   pressure   of   8  MPa   display   a  wide   range   of   velocities  with  Vp   ranging   from  
1500  to  6500  m/s  and  Vs  ranging  from  900  to  3500  m/s.  The  average  compressional  and  
shear  wave   velocities   are   approximate   3500   and  1800  m/s,   respectively.  However,   the  
velocity   average   of   both  Vp   and  Vs   is   higher   in  Unda,   than   in  Clino.  This   is   because  
Unda   penetrates   three   separate   successions   of   higher-­velocity   shallow  water   deposits,  
whereas  Clino  penetrates  only  one  shallow-­water  succession  (Figure  2.1).  
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Figure  2.2  Block  diagram  of   velocity   against   three  main  depositional  environments  of  
two  continuous  core  borings,  Clino  and  Unda.  
  
  
Figure  2.3  Block  diagram  of  porosity  against   three  main  depositional  environments  of  
two  continuous  core  borings,  Clino  and  Unda.  
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   The  measured  velocities  of  89  samples  from  both  cores  of  Clino  and  Unda  at  an  
effective   pressure   of   8  MPa   display   a  wide   range   of   velocities  with  Vp   ranging   from  
1500  to  6500  m/s  and  Vs  ranging  from  900  to  3500  m/s.  The  average  compressional  and  
shear  wave   velocities   are   approximate   3500   and  1800  m/s,   respectively.  However,   the  
velocity   average   of   both  Vp   and  Vs   is   higher   in  Unda,   than   in  Clino.  This   is   because  
Unda   penetrates   three   separate   successions   of   higher-­velocity   shallow  water   deposits,  
whereas  Clino  penetrates  only  one  shallow-­water  succession  (Figure  2.1).  
   Unlike  siliciclastic  rocks,  where  variations  in  mineralogy  can  cause  large  velocity  
contrasts,  carbonates  are  less  influenced  by  the  mineral  content  of  the  rock   (Anselmetti  
and  Eberli,  1993).  Our  data  show   limited  variability   in  mineralogy  (Figure  2.4),  where  
calcite,  dolomite  and  aragonite  have  somewhat  very  similar  physical  properties.  For  two  
samples   of   the   same  mineralogy   the   acoustic  wave   speeds   can   differ   2-­3   times   of   its  
magnitude  (Table  2.1).  For  example,  two  rock  samples  from  Unda  are  both  composed  of  
100%  dolomite.  Sample  Unda  at  321  m  has  Vp  of  2405  m/s  and  a  Vs  of  991  m/s.  The  
second   sample   from   the   same  well   at  345  m  has  a  Vp   and  Vs  of  6350   and  3490  m/s,  
respectively.  Here,   the  high-­velocity   sample   is   highly  cemented   reefal  dolomite  with   a  
total   porosity   of   6%,   whereas   the   low-­velocity   sample   is   a   sucrosic   dolomite   with  
intercrystalline   porosity   of   46%   (Anselmetti,   1994).   Hence,   the   mineralogy   has   little  
direct  influence  on  variations  in  sonic  velocity.  
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Figure   2.4   The   variations   in   mineralogy   expressed   in   a   ternary   plot   of   3   variables  
(aragonite,   dolomite   and   high-­Mg   calcite)   showing   the   relative   compositions   of  
corresponding   carbonate   pore   types.   The   proportions   of   the   three   variables   plotted  
always  sum  to  a  constant  of  100%.  
  
Table   2.1  Velocity   and  porosity   data   for   two   samples  with   the   same  mineralogy.  The  
velocity   spans   nearly   three   times   as   a   result   of   the   different   pore   structures   and   pore  
sizes,  ineffective  of  the  similar  mineralogy.  
Depth  (m)   Mineralogy   Vp  (m/s)   Vs  (m/s)   Porosity   Pore  type  
321m   100%  Dolomite   2405   991   46%   Intercrystalline  
345m   100%  Dolomite   6350   3490   6%   Highly  cemented    
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   As   mentioned   earlier,   porosity   is   the   main   factor   controlling   the   sonic   wave  
velocities   in   rocks.   However,   carbonates   with   equal   porosity   can   have   very   different  
velocities,  which  are  directly  related  to  different  pore  types  rather  than  the  amount  of  the  
available  pore  spaces.  In  general,  velocity  displays  inverse  correlation  with  the  porosity,  
which   is   also   true   for  GBB   samples.   Figure   2.5   displays   a   velocity-­porosity   crossplot  
where  an  increase  in  porosity  produces  a  decrease  in  Vp  and  Vs.  Nevertheless,  especially  
at   higher   porosities   (>30%)   the   sonic   velocities   display   a   large   variations   and   deviate  
from  best-­fit  curves.  
  
  
Figure  2.5  Velocity  as  a  function  of  porosity  for  GBB  dataset.  Both  Vp  and  Vs  display  
an  inverse  correlation  with  increasing  porosity,  but  at  higher  porosities  they  clearly  show  
a  large  scatter  around  the  exponential  best-­fit  curves.  
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Figure  2.6  Vp/Vs   ratio  as  a   function  of  porosity   (a)  and  velocity   (b).  The  Vp/Vs   ratio  
reflects  a  much  larger  variability  with  increasing  porosity  and  decreasing  velocity.   
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   As   seen   from   Figures   2.5   and   2.6   sonic   velocities   and   velocity   ratios   produce  
large  scatters,  especially  at  higher  porosities.  Such   variations  cannot  be  explained  only  
by  the  porosity  amount;;  this  approach  does  not  consider  the  distribution  of  pore  spaces  
in   the   rock,   and   therefore   ignores   pore   sizes,   pore   geometries   and   pore   connectivity,  
which  are  important  agents  in  determining  the  acoustic  behaviors  of  carbonates.  Hence,  
pore  geometries  of  all  samples  have  to  be  taken  into  account  in  order  to  relate  carbonate  
rocks  to  sonic  velocities.  
  
2.3   Porosity  and  Pore  Types  
  
   Sediments  of  continuous  core  borings,  Clino  and  Unda  have  wide  range  of  plug  
porosities   from  as   low  as  3%  up   to  60%.  Based   on  plug  data,   sediments  with   skeletal  
grainstones   and   packstones   have   high   porosities   except   for   highly   cemented   intervals.  
Dolomitized   intervals  have  porosities  between  30-­50%,  and  moldic  pores  ranging   from  
25%  to  50%.  
   Anselmetti  and  Eberli  (1993)  were  the  first  to  classify  the  pore  types  in  samples  
from   Clino   and  Unda   based   on   the   Choquette   and   Pray   (1970)   classification.   Several  
pore   types   exist   in   these   samples,   some   of   which   are   both   primary   and   secondary  
porosities.  Primary  porosities  include  intragranular  and  intergranular  pores.  Intragranular  
macroporosities   are   commonly   formed   in   foraminifera,   corals,   gastropods,   articulated  
bivalves,  and  encrusting  algae  (Melim  et  al.,  2001).  Primary  intergranular  microporosity  
however  is  found  in  rocks  with  preserved  aragonite  needles  (Melim  et  al.,  2001).  
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   Secondary   porosities   include   vuggy   to  moldic,   intercrystalline   pores   and  minor  
fractures.  Vuggy  pores  are  a  result  of  non-­selective  dissolution  of  carbonate  sediments,  
whereas  selective  dissolution  produces  moldic  pores  (Choquette  and  Pray,  1970).  Nearly  
60%  of   macropores   present   in   our   samples   constitute   of   moldic   pores,   forming   either  
connected  or  isolated  networks,  or  a  combination  of  both.  Part  of  the  secondary  porosity  
constitutes   the   sucrosic   intercrystalline  micropores  generally  present   in  Unda.  Fracture  
porosity  is  found  in  Clino  mainly  at  intervals  between  365  and  450  m,  some  of  which  are  
cemented.   Fractures   are   less   abundant   in  Unda   but   they   are   open   and   do   not   contain  
cements  (Melim  et  al.,  2001).  
   Pore  geometries  in  carbonates  define  the  pore  space  available  to  fluid  flow.  Thus,  
permeability  is  mainly  a  function  of  pore  type,  pore  size,  and  pore  connectivity  (Blatt  et  
al.,  1980).  Based  on  thin   section  observations  the  Bahamas  samples  were  grouped   into  
five  categories  of  predominant  pore  types  (Figure  2.7  and  2.8):  (1)  highly  cemented,  low  
porosity,  (2)  interparticle,  (3)  intraparticle,  (4)  micro-­porosity,  (5)  coarse  and  fine  moldic  
porosity  (Anselmetti  and  Eberli,  1993).  
   If   all   the   samples  were  grouped   into   five  categories  of  dominant   pore  types  on  
the  basis  of  thin  section  observations  (Anselmetti  and  Eberli,  1993)  each  pore  type  will  
have   its   own   characteristic   pattern   in   the   velocity-­porosity   plot   (Figure   2.7).   This  
velocity  distribution  for  every  group  of  samples  with  the  same  dominant  pore  geometries  
can  explain  why  rocks  with  the  same  porosity  can  have  very  different  sonic  velocities.  In  
)LJXUH :\OOLH¶V  ³WLPH-­DYHUDJH HTXDWLRQ´ LV D UHIHUHQFH FXUYH SURYLGLQJ D
linear  relationship  between  velocity  and  porosity:  








   (2-­1)  
where,  ĳVfl,  Vm  are  porosity,  fluid  velocity  and  matrix  velocity,  respectively:\OOLH¶V
equation  has  been  used  for  years  by  the  industry  for  its  simplicity.  However,  comparison  
RI WKH PHDVXUHG YHORFLWLHV ZLWK WKH YHORFLWLHV REWDLQHG IURP :\OOLH¶V WKHRUHWLFDO
equation   (2.1)   shows   that   the   velocity   predictions   from   time-­average   equation   are  
generally  underestimate  the  much  faster  Bahamian  carbonates  (Figure  2.7).    
  
  
Figure   2.7  Compressional   velocity   against   porosity   plot   relative   to   carbonate-­specific  
pore  types.  All  pore  types  have  FKDUDFWHULVWLFFOXVWHULQJZLWKUHIHUHQFHWR:\OOLH¶VWLPH-­
average  curve.  
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Figure   2.8  Correlation   of  Vp   and  Vs   (at   8  MPa  effective  pressures)  with  depth,  depositional   environment  and  age  with   the  
knowledge  of  pore  types  in  Unda  and  Clino  from  GBB  (modified  from  Anselmetti,  1994).  
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   (1)  Highly  cemented,   low  porosity  samples  (Figure  2.9)   have  plug  porosities  of  
20%  and   less,   characteristic   of   final   stages   of   diagenesis.  They   have   extensive   blocky  
cementation  and  are  found  in  reef-­platform  and  upper  slope  intervals  of  Clino  and  Unda.  
The  velocity-­porosity  diagram  of  highly  cemented  rocks  forms  a  cluster  at  the  upper  end  
of  the  time-­average  equation  trendline  with  high  velocities  and  low  porosities.  
  
  
Figure   2.9  Velocity-­porosity   diagram  of   highly   cemented,   low  porosity   carbonates,   in  
reference   WR :\OOLH¶V WLPH-­average   equation   trendline.   The   upper   right   hand   corner  
image   is   a   photomicrograph   (~1mm)   of   a   sample   from   Unda   at   358   m,   with   plug  
porosity   of   3%:   mainly   skeletal   grainstone   cemented   with   a   blocky   calcite   that  
completely  filled  the  former  interparticle  pore  space  (Anselmetti  and  Eberli,  1993).  
  
   (2)   Interparticle   and   intercrystalline   porosity   (Figure   2.10):   The   pore   space  
between   the   grains   formed   after   deposition   is   classified   as   interparticle   porosity  
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(Choquette  and  Pray,  1970).   Intercrystalline  porosity  on   the  other  hand  occurs  through  
dolomitization  process,  where  minerals  are  crystallized  to  form  dolomite  rhombohedra.  
These  pore  types  are  mainly   limited  to  Unda  at  108-­377m  (Figure  2.8).  The  porosity   is  
30%  and  higher  and  the  velocity-­porosity  relationship  displays  a  negative  departure  from  
:\OOLH¶V WLPH-­average   curve.   Interparticle   porosities   with   their   higher   velocities   and  
lower  porosities  distinguish  themselves  from  intercrystalline  samples.  
  
  
Figure   2.10   Velocity-­porosity   diagram   of   interparticle/intercrystalline   porosity,   in  
respect   WR:\OOLH¶V WLPH-­DYHUDJH HTXDWLRQ FXUYH D 3KRWRPLFURJUDSK aȝP RI D
bioclastic  grainstone  with  interparticle  porosity  with  preserved  bioclasts  and  interparticle  
cement  with   totDOSRURVLW\RI E3KRWRPLFURJUDSK aȝPDQG(QYLURQPHQWDO
6FDQQLQJ (OHFWURQ 0LFURVFRSH (6(0 LPDJH aȝP RI a   sucrosic   dolomite  
consisting   purely   of   dolomite   rhombohedra  with   total   porosity   of   49%   (Anselmetti   et   al.,  
1998).  
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   (3)   Intraparticle   porosity   (Figure   2.11):   Based   on   Choquette   and   Pray   (1970)  
classification,   intraparticle   porosities   are   framestones   and   boundstones,   where  
organically   bound   organisms   such   as   corals   and   bryozoans   form   a   rigid   framework  
during   deposition.  Hence,   they   are   present   in   reef-­margin   intervals   of   both   drillholes.  
Their   framework   would   have   high   elastic   rigidity,   resulting   in   lower   porosities.   The  




Figure  2.11  Velocity-­porosity  diagram  of  5  samples  with  dominant  intraparticle  porosity  
(framestones   and   boundstones).   Velocities   are   much   higher   than   velocities   calculated  
ZLWK :\OOLH¶V WLPH-­average   equation.   The   upper   right   hand   corner   image   is   a  
photomicrograph  of  a  coral  sample  from  Unda  at  302m.  The  porosity  is  integrated  in  the  
construction  of  the  frames.  The  plug  porosity  is  43%  (Anselmetti  and  Eberli,  2001).  
  
   30  
   (4)  Micro-­porosity  (Figure  2.12):  Micropores  are  less  than  10µm  in  size,  and  are  
profuse   in  carbonate  mud.  The  dominant  micro-­porosity   is  common   in  carbonates  with  
high   micritic   content.   Micro-­porosity   shows   higher   porosity   values   similar   to  
interparticle/intercrystalline   pore   types,   resulting   in   lower   velocities   than   the   time-­
average   trendline.   This   pore   type   is   present   in   both   cores;;   in   Clino   they   are   more  
abundant,  confined  to  slope  intervals  (197-­677m).  
  
  
Figure   2.12   Velocity   porosity   diagram   of   samples   with   dominant   micro-­porosity  
(negative   departure   from   time-­average   curve).  The   upper   right   hand   corner   image   is   a  
photomicrograph   of   a   sample   from   Clino   at   510m.   It   is   a   slope   deposit   rich   in  
globigerinids  and  micritic  matrix  with  little  compaction  (Anselmetti  and  Eberli,  2001).  
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   (5)  Moldic  porosity  (Figure  2.13):  Moldic  porosity  is  a  product  of  dissolution  of  
metastable  minerals,   such  as  aragonite  and  high-­Mg  calcite.  These  samples   show   self-­
supporting   framework,   with   high   elastic   rigidity.   They   mostly   produce   a   positive  
GHSDUWXUH IURP :\OOLH¶V WLPH-­average   curve.   The   porosities   range   between   20-­55%,  
where  permeability  varies  depending  on  the  pore  connectivity  and  diameter.  Fine  moldic  
SRURVLW\ȝPdisplays  lower  velocities  than  cRDUVHPROGLFSRURVLW\!ȝP  
  
  
Figure  2.13  The  velocity-­porosity  diagram  of  samples  with  dominant  moldic  porosities.  
(a)   Photomicrograph   (~1mm)   of   a   sample   with   fine   moldic   porosity   (<ȝP RI
dissolved   bioclasts   with   micrite   matrix   (plug   porosity=41%,   permeability=181mD)  
(Anselmetti  et  al.,  1998)E3KRWRPLFURJUDSKaȝPRIDVDPSOHZLWKFRDUVHPROGLF
SRURVLW\ȝPIURP8QGDDWPSOXJSRURVLW\ SHUPHDELOLW\ P'7KH
pore  spaces  are  mostly  nonconnected  open  molds  with  completely  cemented  interparticle  
pore  space  (Anselmetti  et  al.,  1998).  
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2.4   Elastic  Properties  
  
   Seismic   waves   are   the   principle   sources   of   information   regarding   the   rock  
PDWHULDO DQG SRUH IOXLGV ZLWKLQ WKH HDUWK¶V LQWHULRU &RPSUHVVLRQDO DQG VKHDU ZDYH
velocities  are  sensitive  to  changes  in  material  properties  and  depend  on  factors  such  as,  
pore  space  amount,  mineralogy,  pore  fluid  content  and  the  nature  of   the  grain  contacts  
(Murphy   et   al.,   1993).   The   velocity-­porosity   crossplots   display   a   general   inverse  
correlation  with  large  scatters  around  best  fit  curves  (Figure  2.5).  These  variations  could  
be   clearly   explained   by   variations   in   elastic   rigidity   and   compressibility   of   the   rock  
samples.  Carbonates   have   the  ability   to   form   special   fabrics   that  can   lead   to   increased  
elastic  properties  without  filling  the  pore  space   (Massaferro  et  al.,  2002).  Based  on  the  







   (2-­2)  
  
and,    
   Vp 


   (2-­3)  
  
where  .DQGȝDUHEXONDQGVKHDUPRGXOLUHVSHFWLYHO\7KHUHIRUHWKHHODVWLFEHKDYLRU
and   rock   framework  of   individual  pore   types   should   be  studied   to   further  discriminate  
the  velocity  variations  in  carbonates.  
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   The  bulk  and  shear  moduli  corresponding   to  the  measurements  were  calculated  
from   compressional-­   and   shear-­wave   velocities   (Equations   2.2   and   2.3),   using   the  
density  measurements   reported   by  Anselmetti   and  Eberli   (1993)   (Apendix  A).  Results  
are  shown  in  Figure  2.14  where  bulk  and  shear  moduli  show  an  inverse  correlation  with  
the  porosity.  If  compared  to  Figure  2.5  of  velocity-­porosity  crossplot,  it  can  be  seen  that  
high   velocities   correspond   to   high   elastic  moduli.  There   is   also   a   large   scatter   around  
exponential  best-­fit  curves  at  porosities  higher  than  35%.  
   Figure  2.5  and  Figure  2.14  show  five  dominant  pore  types  that  are  characteristic  
of  carbonate  crocks  with  respect  to  elastic  moduli  and  velocity.  The  stiff  pores  generally  
represent   the   rounded  moldic  pores  or  vugs  and   intraparticle  pores   in  carbonate   rocks.  
Intraparticle   porosities   are   framestones   and   boundstones   that   form   a   rigid   rock   frame  
with  better  grain  contacts  resulting  in  positive  departure  from  best-­fit  curves.  The  moldic  
porosity   also   has   a   self-­supporting   rigid   framework   comprising   of   cement   and  micrite  
that   surrounds   the  molds.  Coarse  moldic   pores   have   higher   rigidities   than   fine  moldic  
pores,   hence   resulting   in   higher   elastic   moduli   and   velocities.   The   interparticle   and  
micro-­porosity   samples   are   generally   insensitive   to   stress   and   have   no   preferred  
orientation.  Hence,  Interparticle/intercrystalline  and  micro-­porosity  results  in  low  elastic  
moduli   due   to   the   absence   of   rigid   framework   with   lack   of   cement   or   matrix   and  
therefore  these  rocks  exhibit  lower  sonic  velocities  
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Figure   2.14  A   crossplot   of   bulk   (a)   and   shear   (b)   moduli   against   porosity.   Plots   of  
porosity  versus  elastic  moduli  show  an  inverse  trend:  an  increase  in  porosity  produces  a  
decrease   in   both   bulk   and   shear   moduli.   There   is   also   a   large   scatter   around   best-­fit  
curves  at  porosities  higher  35%.  
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2.5   Permeability  
  
   Pore   types   define   the   space   that   is   available   for   fluid   flow.   Permeability   is  
controlled  by  the  difference  in  pore  geometries,  pore  sizes  and  connectivity,  rather  than  
the  total  porosity  (Blatt  et  al.,  1980).  The  goal  of   this  subsection  is  to  find  a  correlation  
between  carbonate  pore  geometries  and  permeability.  
   Permeability   values  were  measured   from  32   samples   from  Bahamas   boreholes,  
which   showed   a   high   range   of   permeabilities   from   0   to   678   millidarcies   (md)  
(Anselmetti,  1994).  The  permeabilities  on  core  plugs  were  determined  by  measuring  the  
glow  of  nitrogen  gas  through  plugs  of  known  dimensions  (Anselmetti  and  Eberli,  1993).  
The   logarithmic  plot  of  available  permeabilities  with  porosity  shows  a  general  positive  
correlation   (Figure   2.15a),  while   the   permeability-­velocity   diagram   shows   a   moderate  
negative   correlation   (Figure   2.15b).   Due   to   limited   number   of   permeability  
measurements   available   to   us   it   is   hard   to  make   any   reliable   interpretations   based   on  
porosity/velocity  data.  Nevertheless,  as  seen  from  the  plot  we  can  suggest  that  different  
pore  geometries  result  in  different  porosities,  also  causing  variable  permeabilities.  
   Highest   permeabilities   (678   md   and   571   md)   are   recognized   on   two  
intercrystalline  porosity  samples,  with  fully  connected  sucrosic  dolomites  (Figure  2.15a  
and  2.15b);;  whereas   the   lowest   permeabilities   correspond   to   highly   cemented   and   low  
porous   samples,   as   expected.   Most   micro-­porosity   samples   also   show   lower  
permeabilities  despite  of   their   high  porosities.   In   other   instances   highly  porous  moldic  
pores  exhibit   low  permeabilities  where  porosity  does  not  contribute  to  permeability  due  
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to   little   connectivity   between  pores.  This   proves   that   the   permeability   in   carbonates   is  
not  a  function  of  total  porosity,  but  rather  a  pore  size  and  connectivity.  
  
  
Figure  2.15  Logarithmic  plot  of  permeability  with  porosity  (a)  and  velocity  (b).  
  
   The  minipermeameter  permeabilities  and  neutron  porosities  were  also  measured  
by   Anselmetti   and   Eberli   (1993),   this   time   to   detect   the   effect   of   microporosity,  
macroporosity,   and   pore   connectivity   on   permeabilities   of   101   samples   from   both  
drillholes   (Figure   2.16,   2.17).   The   amount   of   macroporosity   were   measured   directly  
from  point   counting,   included   all   pores   large   enough   to   identify   petrographically,   and  
JHQHUDOO\ SRUHV !ȝP (Anselmetti   and   Eberli,   1993).   The   amount   of   microporosity  
however  was  calculated  indirectly  from  total  porosity  less  macroporosity.  The  crossplot  
of  permeability  against  neutron  porosity  (Figure  2.16)  shows  a  large  scatter  with  hardly  
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any   correlation.   Nevertheless,   when   the   pore   connectivity   is   considered   in   a   third  
dimension,  a  clearer   relationship  can   be  picked.  The  observation   from   the  plot   suggest  
that   the   high   permeability   carbonates   is   directly   related   to   connected   pores,  while   low  
permeability   carbonates   directly   relate   to   disconnected   and   isolated   pore   spaces,  
neglecting  any  effect  of  total  porosity.  
  
  
Figure   2.16   Crossplot   of   minipermeameter   permeability   versus   neutron   porosity  
(N=101),  with   respect   to   pore   connectivity   of   rock   samples   (adopted   from  Anselmetti  
and  Eberli,  2003).  
  
   A   crossplot  of   total  macroporosity  against  permeability   (Figure  2.17a)   shows  a  
better   correlation   than   a   crossplot   of   total   microporosity   against   permeability   (Figure  
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2.17b).  This  either  indicates  that  macroporosity  has  a  stronger  influence  on  permeability  
than  microporosity,  or  that  the  indirect  measurement  of  microporosity  does  not  allow  a  
statistically-­provable  correlation  to  be  used  in  discriminating  the  effect  of  microporosity  
on  permeability.  Hence,   the   role  of  microporosity  on  permeability   is  overshadowed  by  




Figure   2.17   (a)   Permeability   versus   macroporosity   derived   from   point   counting.   (b)  
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2.6   Velocity  Evolution  with  Diagenesis  
  
   This   subsection  will   describe   the   effects   of   diagenesis   on   velocity   evolution   in  
carbonates  using   the   velocity-­porosity  path   (Figure  2.7).  Carbonate   rocks  can   follow  a  
number   of   diagenetic   events   and   stages   through   its   burial   history.   Hence,   finding   the  
correct   diagenetic   pathway   for   carbonate   rocks   can   be   difficult   depending   on   the  
diagenetic  history  and  related  pore  geometries.  
   Diagenesis  in  carbonates  is  a  very  important  process,  which  can  alter  the  porosity  
and   transform   the  sediment   into  a  different   rock  type.  Modern   samples   from  Bahamas  
offer  a  great  opportunity  to  study  the  velocity  evolution  of  rocks  at  different  diagenetic  
stages.   Investigated   samples   have   several   stages   of   diagenetic   history   which   lead   to  
different   pore   types   and   have   characteristic   patterns   on   velocity-­porosity   diagrams  
(Figure  2.18).  The  velocity-­porosity  path  of  each  sample  starts  at  deposition  and  ends  at  
their   measured   velocities,   which   correspond   to   final   stage   of   their   diagenetic   history.  
Based   on   the   thin   section   information   Anselmetti   and   Eberli   (1993)   inferred   the  
diagenetic  evolution  of  four  samples  on  velocity-­porosity  diagrams  (Figure  2.18).  
   Figure   2.18a   is   an   example   of   inferred   velocity-­porosity   path   of   periplatform  
slope  sediment  with  globigerinids.  This  sample  is  from  Clino  at  676  m  depth  with  44%  
porosity.  Despite  the  deep  burial  depth  this  sample  has  undergone  only  little  compaction,  
so   that  most   globigerina   shells   are   intact.   Because   of   such   limited   diagenetic   history,  
Anselmetti   and  Eberli   (1993)   described   the   velocity-­porosity   path   of   this   sample  with  
only  a  short  arrow  from  conditions  at  deposition  to  present  time.  
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   Figure   2.18b   represents   a   coarse   moldic   porosity   of   a   former   ooid-­grainstone  
(oomoldic).  After  early  consolidation  the  rock  has  undergone  intense  blocky  cementation  
of  marine  waters,  and  later  the  dissolution  of  ooid  grains  leaving  molds  behind.  Hence,  
the  interparticle  ooid  grainstone  has  been  transformed  to  coarse  moldic  porosity  of  37%,  
leading   to   number   of   diagenetic   stages.   In   concert,   the   diagenetic   history   of   the   rock  
resulted  in  more  complicated  loop  shape.    
   Figure  2.18c  corresponds  to  a  highly  cemented  grainstone  sample  with  only  9%  
porosity.  The  intense  dolomitic  cementation  after  the  dissolution  of  components  resulted  
in  reduced  porosity  and  increased  velocity.    
   Figure   2.18d   represents   a   sucrosic   dolomite  with   46%   porosity.   The   dominant  
intercrystalline   porosity   has   completely   destroyed   the   depositional   fabric   leading   to  
lower  velocities  than  best-­fit  curve.  As  a  result  all  described  velocity-­porosity  paths  were  
related   to   characteristic   processes.   Nevertheless,   the   absolute   direction   of   the   path  
depends  on  the  succession  and  the  timing  of  the  different  processes  (Anselmetti,  1994).  
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Figure  2.18  Examples  of  inferred  velocity-­porosity  paths  for  specific  Bahamas  samples  
shown   in   photomicrographs   (left).   The   black   square   in   the   velocity-­porosity   diagrams  
(right)   marks   the   measured   velocity   and   porosity   values   for   that   sample.   (a)   micro-­
porosity;;   (b)   coarse   moldic   porosity;;   (c)   highly   cemented,   low   porosity;;   (d)  
intercrystalline  porosity  (Anselmetti  and  Eberli,  1993;;  Massaferro  et  al.,  2002).  
   42  
2.7   Pressure  Dependence  Analysis  
  
   Laboratory   ultrasonic   velocities   of   all   carbonate   plugs   were   measured   by  
Anselmetti   and   Eberli   (1993)   under   varying   effective   pressures   by   increasing   the  
confining  pressure   in  a   series  of   small  steps  of  2  MPa  up  to  80  MPa  during  which  the  
pore   pressure  was   kept   constant   at   2  MPa,   to  observe   the   pressure   dependence   of  Vp  
(Figure   2.19f).   All   slow   samples   show   an   increase   in   compressional   velocity   with  
increasing  effective  pressure,  whereas  consolidated  and  dense   samples  are  usually   less  
affected  by  higher  pressures,  resulting  in  minimal  gradients  in  the  diagram.  
   Characteristic   of   many   samples   velocities   can   reach   maximum   values   upon  
which   a   sudden  decrease   above   a   critical   pressure   can   take   place   (Figure   2.19f).  This  
increase  and  subsequent  decrease  in  velocities  is  due  to  initial  compaction  of  the  sample  
in   the   pressure   vessel,   after  which   continuous   collapsing   can   take   place   above   critical  
pressure   (Anselmetti,   1994).   In   contrast,   other   samples   may   exhibit   a   decrease   in   the  
gradient   caused   by   disintegration   of   partly   cemented   grain   contacts   which   are  
responsible   for   transmitting   the   acoustic   signals.   But   eventually   the   velocities   can  
increase  again,  as  newly  formed  fractures  in  the  sample  are  now  being  closed  by  further  
increase  in  effective  pressure  (Anselmetti,  1994).  Depending  on  the  lithology  the  critical  
pressure   may   vary.   Soft,   unconsolidated   samples   show   lower   critical   pressures   than  
dense,  indurated  rocks,  which  may  show  no  signs  of  fabric  destruction  up  to  100  MPa.  
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Figure   2.19   Velocity   of   all   samples   at   increasing   effective   pressures.   Each   trace  
represents   the   velocities   at   different   pressures   for   different   pore   types.   (a)   highly  
cemented,   low  porosity;;   (b)   interparticle   porosity;;   (c)   intraparticle   porosity;;   (d)   coarse  
moldic   porosity;;   (e)   fine   moldic   porosity;;   (f)   All   89   samples   at   increasing   effective  
pressures.  P.D.-­Pressure  Dependent,  P.I.-­Pressure  Independent  (adopted  from  Anselmetti  
and  Eberli,  1994).  
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   The   velocity   evolution   of   carbonates   under   varying   effective   pressures   also  
depends  on  the  pore  types  and  lithologies  (Figure  2.19).  Highly  cemented,  low  porosity  
rocks   display   a   systematic   pattern   of   minimal   gradients   in   the   velocity-­pressure   plot  
(Figure  2.19a).  These  dense  and  indurated  samples  show  almost  no  compaction  or  fabric  
destruction  under  increasing  pressures.  Rocks  with  interparticle  porosity  generally  show  
increase   in   velocity   with   increasing   pressure,   whereas   intraparticle   porosity   displays  
little   variation   in   velocity   as   they   are   in   general   insensitive   to   stress   due   to   their   rigid  
framework  (Figure  2.19b  and  2.19c).  Micro-­porosity  rocks  are  in  general  slow  samples  
which   show   increase   in   velocities.   Moldic   porosity   shows   various   behaviors   under  
increasing   effective   pressures,   depending   on   their   pore   size   and   connectivity.   But   the  
general  trend  indicates  that  fine  moldic  pores  display  more  disintegration  of  the  sample  
in  the  pressure  vessel  than  more  rigid  coarse  moldic  pores  (Figure  2.19d  and  2.19e).  
  
2.8   Conclusion  
  
   Carbonate   rock   samples   from   GBB   have   a   wide   range   of   pore   types,   rock  
textures   and   bulk   porosities   where   rock   age,   mineralogy   and   origin   were   minor  
considerations.  The  goal  of   this   study  was   to  correlate  variations   in   sonic   velocities   to  
lithology,  porosity  and  predominant  pore  types.  The   five   predominant  pore  types  were  
classified  as   highly   cemented,   interparticle,   intraparticle,  micro-­  and  moldic  porosities.  
The  measured  velocities  show  a  wide  range  of  distribution  and  large  scatter  around  best-­
fit   curves.  Thin   section  observations   (Anselmetti   and  Eberli,  1993)   revealed   that  GBB  
samples   show   limited   variability   in  mineralogy,  where   calcite,   dolomite   and   aragonite  
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have   somewhat   very   similar   physical   properties.   Hence,   the   limited   compositional  
variations  were  not  held  accountable  for  velocity  contrasts  in  this  province.  
   As  in  every  other  setting,  we  would  expect  the  acoustic  velocities   in  carbonates  
to  be  decreasing  with  increasing  compaction  and  depth,  where  overburden  pressure  is  an  
important  process   in   reducing  porosity.  Nevertheless,  Bahamian  carbonates   show   little  
correlation   with   burial   depth   and   age.   Due   to   high   susceptibility   of   carbonates   to  
diagenesis,   some   diagenetic   alterations   such   as   cementation   and   dissolution   can   occur  
more  rapidly  prior   to  any  compaction,  either  reducing  or  enhancing  the  porosity   in  the  
rock.  Thus,   burial   depth   and   time   are   less   pronounced   in   velocity   trends   of  Clino   and  
Unda.  
   We  noticed  clear  relationship  with  sonic  velocity  and  depositional  environments,  
where  shallow  water  carbonates  have  higher  velocities  and  velocity  contrasts  than  deeper  
water   carbonates.   Such   velocity   distribution   among   depositional   environments   can   be  
explained   with   shallow   water   platform   and   reef   sediments   having   higher   content   of  
metastable   minerals   (aragonite)   and   coarse   grain   sizes   which   are   more   prone   to  
diagenesis  than  deeper  water  sediments.  
   The  ultrasonic  velocity  measurements  from  GBB  pure  carbonate  province  reveals  
that  sonic  velocity  and  the  permeability  are  not  only  a  function  of  total  porosity  but  also  
of   the   predominant   pore   geometries.   The   measured   permeabilities   showed   no   clear  
correlation   with   acoustic   behaviors   of   our   carbonate   samples;;   however,   samples   with  
higher   pore   connectivity   show   higher   permeability   values   than   isolated   pores.   Our  
porosity-­velocity   correlation   exhibits   a   general   negative   correlation,   but   significant  
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deviations   also   exist.   The   velocity   contrasts   in   the   velocity-­porosity   relationship  were  
related  to  different  pore  geometries.  Pore  types  that  are  not  embedded  in  a  frame  such  as  
interparticle   and   micro-­porosity   result   in   lower   velocities   than   certain   moldic   and  
intraframe   porosities.   Therefore,   samples   of   equal   porosity   may   exhibit   different  
velocities  due  to  presence  of  different  pore  types.  
   The   velocity   evolution   of   carbonates   revealed   that   a   sample   passes   though  
different   stages   in   diagenesis   resulting   in   different   pore   categories   during   its   burial  
history.   The   velocity-­porosity   evolution   in   carbonates   is   not   only   a   function   of   initial  
depositional  lithology  but  also  subsequent  diagenetic  alterations  which  can  alter  the  rock  
frame   and  pore   geometries   transforming   them   to   new  pore   categories   (Anselmetti   and  
Eberli,  2001).  
   The   velocity   as   a   function   of   effective   pressure   showed   wide   range   of   elastic  
behaviors  under  pressure   vessel.  Nevertheless,  all  velocity-­pressure   traces  displayed   in  
fact  a  systemic  pattern   for  slow  and   fast  samples.  Slow  samples   show  higher  gradients  
where  there  is  an  increase  in  compressional  velocity  with  increasing  effective  pressures.  
In   contrast   consolidated   and   dense   samples   with   higher   velocities   are   usually   less  
affected   by   higher   pressures,   resulting   in   minimal   gradients   in   the   velocity   versus  
effective  pressure  diagram.  
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3.   CARBONATE  ROCK-­PHYSICS  MODELS  
  
3.1   Introduction  
  
   Rock-­physics   contains   a   link   between   intrinsic   geological   parameters   (e.g.,  
mineralogy,  porosity,  saturation,  etc.)  and  quantitative  geophysical  measurements  (e.g.,  
sonic   and   elastic   properties).   However,   developing   an   accurate   and   physically   sound  
rock-­physics   model   for   carbonates   KDVQ¶W EHHQ   an   easy   task,   representative   of   their  
complex  pore  geometries.  Over   the  past  couple  of   years,   significant  progress  has   been  
made   in   the   study   of   various   effects   of   carbonate   rock   types   on   sonic   velocities  
(Rafavich   et   al.,   1984;;  Wang   et   al.,   1991;;   Anselmetti   and   Eberli,   1993;;   Eberli   et   al.,  
2003;;   Sayers,   2008;;   Xu   and   Payne,   2009);;   however   no   unified   theory   has   yet   been  
established.  Therefore,  the  question  remains:  what   is  the  physically  sound,  fundamental  
relationship  between  seismic  wave  velocities  and  the  pore  types  in  a  carbonate  system?  
   This   section   will   focus   ultimately   on   application   of   available   rock-­physics  
models  in  carbonates.  A  valid  rock-­physics  model  capable  of  quantifying  the  pore  types  
is  essential  in  effective  characterization  of  carbonate  rocks.  Thus,  the  main  purpose  is  to  
use   a   simple   carbonate   model   to   relate   seismic   signatures   to   subsurface   carbonate  
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3.2   Sun  Model,  Frame  Flexibility  Factors  
  
   One  of  the  major  disputes  in  carbonates  namely  concerns  the  characterization  of  
structural   media   with   a   representation   of   their   internal   structure   (Sun,   2000).   This  
subsection  defines  a  simplified  carbonate  rock-­physics  velocity  model  that  considers  all  
dominant  factors  important  for  carbonate  reservoir  characterization.  
   Over   the   years,   %LRW¶V WKHRU\ RI ZDYH SURSDJDWLRQ LQ porous   media   and   its  
various  modifications  have  been  widely  used  in  seismic  reservoir  studies  (Russell  et  al.,  
2003).   Based   on   extended   %LRW¶V   theory   of   poroelasticity,   a   two-­parameter   elastic  
velocity  model  was  derived.  This  velocity  model  introduced  by  Sun  (1994,  2000)  is  able  
to   effectively   quantify   the   profound   effect   of   pore   structure   and   its   connectivity   on  
elastic   property   of   the   rock.   Sun   model   (1994,   2000)   defines   key   elastic   parameters  
FDOOHG³IUDPHIOH[LELOLW\IDFWRUV´that  has  been  used  previously  by  numerous  authors  for  
carbonate  reservoir  characterization  (Massaferro  et  al.,  2004;;  Gartner  et  al.,  2005;;  Dou  
and  Sun,  2008).  
   The  frame  flexibility  factor  introduced  by  Sun  (1994,  2000)  provides  a  proxy  to  
the  connectivity  tensor  in  a  very  simplified  form.  This  parameter  characterizes  the  effect  
of  pore  structure,  grain  contacts  and  grain  coupling,  cementation  and  pore  connectivity  
on  the  flexibility  and  elasticity  of  a  porous  rock  (Sun,  2004).  A  set  of  working  formulas  
for  this  model  is:  





   (3-­1)  
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where;;  
ȡ  ±  bulk  density,  
K  ±  bulk  modulus  of  the  fluid  saturated  rock,  
ȝ±  shear  modulus,  
ȡm  ±  solid  matrix  density,  
Km  ±  solid  matrix  bulk  modulus,  
ȝm  ±  solid  matrix  shear  modulus,  
ȡfl  ±  fluid  density,  
   Vp 


   (3-­2)  
     (1)m  fl    (3-­3)  
   K  (1k )Km kK fl    (3-­4)  
   k Fk    (3-­5)  
   Fk 
Km K
(Km K fl)
   (3-­6)  












   (3-­7)  
    m(1) f    (3-­8)  
   f  (1)1    (3-­9)  
   f  (1)
1   (3-­10)  
   c  /     (3-­11)  
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Kfl  ±  fluid  bulk  modulus,  
ĳ±  porosity,  
f,  fȝ  ±  frame  stiffness/rigidity  factors,  
ȖȖȝ  ±  frame  flexibility  factors  or  coupling  coefficients,  
c  ±  gamma  ratio.  
  
   The   f   factor   in  Equation   (3-­7)   is  a   function  of  porosity,  whereas,   it   is   assumed  
that   Ȗ   and   Ȗȝ   are   independent   of   porosity.  The   Ȗ   and   Ȗȝ   parameters   are   bulk   and   shear  
coupling   coefficients,   also   referred   to   as   the   frame   flexibility   factors.   The   frame  
flexibility   factor,  Ȗ,   is   introduced  to  characterize  the  combined  effects  of  crack  density,  
pore   shape,   and   grain-­to-­grain   coupling   on   elastic   deformation   (Sun,   2000).   They  
characterize  the  flexibility  of  the  rock  when  subject  to  compressional  and  shear  motion,  
respectively   (Sun,  2000).  Because   these   frame   flexibility   factors  are   less  dependent  on  
porosity   than   wave   velocities,   they   can   be   related   to   pore   structure,   as   well   as   pore  
connectivity   and   grain   size.   Generally,   higher   Ȗ   values   can   be   related   to   less   grain  
contacts  and  grain  coupling.  However,  diagenesis   in  carbonates  can  create  special  rock  
textures  that  would  result  both  in  very  high  pore-­connectivity  as  well  as,  rigid  rock  frame  
with   better   grain   contacts   (e.g.,   intraparticle   porosity,   moldic   porosity).   Hence,   such  
frameworks  may  result  in  lower  Ȗ  values  (Sun,  2004).  
   For  the  purpose  of  our  rock-­physics  study,  the  frame  flexibility  factor  values  for  
all  89  Bahamian  samples  were  calculated,  as   tabulated   in  the  Appendix  B.  Using  those  
values,   different   porosity-­velocity   trends   can   be   characterized   (Figure   3.1   and   Figure  
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3.2).  The   study   shows   that   for   core   samples   at   a   given   porosity,   the   lower   the   frame  
flexibility  factors  the  higher  the  sonic  wave  velocities.  Samples  with  the  frame  flexibility  
factor  values   Ȗ Ȗȝ)   less   than  4  are  generally  either   rocks  with  visible  moldic  pores  or  
intraframe   porosity   of   framestones   and   boundstones   (Figure   3.2).   Quite   the   reverse,  
samples  with   the   frame   flexibility   factor   values   greater   than   4   are   commonly   sucrosic  
dolomites   with   dominant   intercrystalline   porosity,   dominant   micro-­porosity   with   high  
micritic  content,  or  densely  cemented,  indurated  rocks  (Figure  3.2).  
   As  seen  in  Figure  3.2,  the  highly  cemented,  low  porosity  rocks  correspond  to  the  
top   right   hand   corner   of   the   graph.   Despite   of   strong   grain   connectivity   and   coupling  
within  their  rock  framework,  these  samples  show  highest  frame  flexibility  values.  This  is  
mostly  governed  by  highly  cemented  rock  frame  and  very  little  pore  connectivity.  These  
samples   are   also   characteristic   of   low   permeabilities   in   lab   measurements.   Three  
samples,   however,   show   lower   frame   flexibility   values   than   expected.   In   other  words,  
these  samples  show  higher   flexibility  of   the  rock  frame  under  compressional  and  shear  
deformation.   Based   on   the   lithostratigraphic   data  maintained   during  Bahamas  Drilling  
Project   (Ginsburg,   2001),   those   samples   can   be   identified   as   subearial   exposure  
sediments  superimposed  on  an  erosional  surface  or  the  sequence/depositional  boundary  
(Kenter  et  al.,  2001).  Such  lithostratigraphic  sites  on  the  deposition  may  have  resulted  in  
higher  pore  connectivity  relative  to  the  established  diagenesis,  which  consequently  led  to  
lower  gamma  values.    
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Figure   3.1   Velocity-­porosity   crossplot   in   respect   to   frame   flexibility   factors.   (a)  
Compressional-­wave  velocity  (Vp)  in  relation  to  Ȗ-­bulk  coupling  coefficient;;  (b)  Shear-­
wave  velocity  (Vs)  in  relation  WRȖȝ-­shear  coupling  coefficient.  
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Figure  3.2  The  frame  flexibility  factors  versus  YHORFLW\GLDJUDPDȖ-­bulk  coupling  
coefficient  vs.  P-­ZDYHYHORFLW\EȖȝ-­shear  coupling  coefficient  vs.  S-­wave  velocity.  
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   Rocks  with  micro-­SRURVLWLHVVKRZFRQVLVWHQWIUDPHIOH[LELOLW\YDOXHVȖȖȝ<6).  
As   mentioned   before   in   Section   2.3,   micro-­porosity   samples   from   GBB   have  
extraordinarily  high  porosities,  due  to  lack  of  cementation  that  results  in  an  unconnected  
grain   fabric;;  hence,   the   frame   flexibility   factors  are  relatively  high.  Nevertheless,   these  
rocks   have   lower   permeabilities   than   expected   from   their   porosity.   Only   two  
microporosity  samples  fall  out  of  the  general  cluster,  corresponding  to  higher  velocities  
and  lower  porosities  (Figure  3.2).  Yet,  the  coupling  coefficients  are  not  affected  by  such  
porosity  anomalies,  as  these  values  are  independent  of  porosity.  Interparticle  porosity  in  
framestones  and  boundstones  has  flexibility  values  similar  to  those  of  micro-­porosity.  
   Moldic   pores   generally   show   lower   Ȗ   DQG Ȗȝ   values,   owing   it   to   their  
constructional  framework  with  a  porosity  that  is  embedded  in  the  solid  frame.  That  is  to  
say,  the  high  elastic  rigidity  framework  leads  to  lower  deformation  under  compressional  
and  shear  motion.  Moldic  porosity,  depending  on  the  size  of  the  pores  (coarse  and  fine)  
and   their   level  of  connectivity  may  show  different   frame   flexibilities   in   rocks  with   the  
same   porosity.  One   other   thing   to   recognize   from   the   plot   (Figure   3.2)   is   that   coarse  
moldic  pores  show  lower  coupling  coefficients  than  fine  moldic  ones.  The  lower  frame  
flexibility   values   of   coarse   moldic   pores   indicate   better   grain   contacts   and  more   rigid  
rock  frame  than  fine  moldic  pores.  
   The   f  parameter  describes  the  stiffness  and  the  rigidity  of   the  rock   frame  under  
deformation,  depending  on   the  pore   structure   as  well  as   the  porosity   (Sun,  2004).  Our  
study   shows   that   for   core   samples   at   a   given   porosity,   the   lower   the   frame  
stiffness/rigidity  factors  the  lower  are  the  sonic  wave  velocities  (Figure  3.3).  As  seen  in  
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Figure   3.4,   rocks   with   micro-­   and   intercrystalline   porosity   display   lower   frame  
stiffness/rigidity  YDOXHV  UHODWLYH WRPROGLF LQWUDSDUWLFOH DQG ORZSRURVLW\ rocks  
/RZHUf  (stiffness)  and  Iȝ  (rigidity)  values  relate  to  rocks  which  can  deform  easily  
under  compressional  and  shear  motion,  whereas  rocks  with  high  frame  stiffness/rigidity  
factors   are   in   general   insensitive   to   stress   and   have   high   elastic   rigidity   of   the   rock  
frame.  However,  Figure  3.4  displays  a  large  scatters  around  best-­fit  exponential  curves.  
Based  on  the  plots  we  can  infer  that  these  large  deviations  are  due  to  the  elastic  behavior  
of  mainly  intraparticle  and  moldic  porosities.  As  previously  mentioned  in  Section  2,  both  
of  these  pore  types  forms  a  special  self-­supporting  framework  with  high  elastic  rigidity,  
leading   to   different   values   in   frame   stiffness/rigidity   factors   than   expected   from   the  
general   trend.   In  Figure  3.5,   it   also  appears   that  higher   f   and   Iȝ  values   relate   to  higher  
stiffnesses  (higher  bulk  moduli)  and  higher  rigidities  (higher  shear  moduli)  respectively.  
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Figure  3.3  Velocity-­porosity  crossplot   in   respect   to   frame   stiffness/rigidity   factors.  (a)  
Compressional   velocity   (Vp)   versus   porosity   relative   to   f-­frame   stiffness   factor;;   (b)  
Shear  velocity  (Vs)  versus  porosity,  relative  to  Iȝ-­frame  rigidity  factor.  
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Figure   3.4  Frame   stiffness   factors   f   (a)   and   Iȝ   (b)   versus   porosity.  Notice   how   frame  
stiffness   factors   depend   both   on   pore   structure   and   the   total   porosity.  This   figure   also  
quantifies   the   ease   of   the   rock   frame   (especially   rocks   with   intraparticle   and   coarse  
moldic  porosity)  to  undergo  shear  motion  relative  to  its  compressibility.  
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Figure  3.5  Elastic  moduli  versus  porosity  crossplot  in  respect  to  frame  stiffness/rigidity  
factors.   (a)  Frame  stiffness   factor  versus  bulk  modulus;;  (b)   frame  rigidity   factor  versus  
shear  modulus.  
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   The   gamma   ratio   (ܿ ൌ ߛఓ ߛΤ )   is   another   very   important   physical   parameter   in  
6XQ¶V PRGHO     that   quantifies   the   shear   deformation   relative   to  
compressibility.   For   two   difference   rock   frames   that   have   the   same   frame  
compressibility,   they   may   have   different   resistance   to   shear   motion   owing   to   their  
different  pore  shapes  (Sun,  2004).  
  
  
Figure  3.6  Gamma  ratio  versus  porosity.  c=0.86  is  the  arithmetic  mean  value  of  gamma  
ratio  for  Bahamian  dataset.  Most  samples  cluster  around  the  average  mean  value  (dashed  
line).  
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   $VȖDQGȖȝ  are  theoretically  assumed  to  be  independent  of  porosity  to  derive  the  
Equations  (3-­10  and  3-­11),  gamma  ratio  would  also  be  somewhat  constant  over  range  of  
porosities  (Figure  3.6).  The  average  gamma  ratio,  c,  can  be  approximated  using  all   the  
values   determined   from   the   core   plugs   or   even   at   the   well   location   from   logs   in   the  
studied  field.  The  average  gamma  ratio  for  our  samples  is  equivalent  to  0.86.  However,  
several   samples   mainly   of   moldic   porosity   deviate   from   this   value.   Samples,   which  
generate   positive   departure   from   the   general   scatter,   are   shallow   depth   (20-­80mbmp),  
low  permeable,  bioturbated   lagoonal  mudstones  or  highly  cemented  skeletal   lithoclasts  
with  intraparticle  porosity,  all  of  which  are  platform  sediments  with  extensive  meteoric  
diagenesis.  These  samples  have  low  permeabilities  regardless  of  their  high  porosities.  On  
the   contrary,   samples,   which   display   negative   departure   from   the   general   cluster,   are  
highly  permeable,  highly  porous  skeletal  packstones  with  questionably  lower  velocities.  
   The  main  purpose  of  having  a  single  average  gamma  ratio,  c,  value  is  to  be  able  
to   later   estimate   a   good   approximate   for   Ȗȝ,   and   the   pseudo-­shear  wave   velocity   from  
sonic  (Vp)  log  where  the  shear  log  data  is  not  available  (Sun,  2004):  




   (3-­12)  
  
   Figure   3.7   displays   a   general   uniform   relationship   between   gamma   ratio   and  
Vp/Vs  ratio.  Samples,  which  display  large  deviations  from  average  gamma  ratio  (Figure  
3.6),  also  correspond  to  endmember  sonic  velocity  ratios  (either  very  high  or  very  low).  
From   Figure   3.7   we   can   also   relate   high   sonic   ratios   to   high   porosities   with   low  
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permeabilities  (micro-­porosity  and  isolated  moldic  porosity).  The  lowest  sonic  ratio  (1.6-­
1.7)  in  three  highly  porous  samples  may  be  the  result  of  questionable  shear-­wave  signals  
and  have  to  be  judged  with  caution  (Anselmetti  and  Eberli,  2001).  
  
  
Figure   3.7  Gamma   ratio   versus   the   sonic   ratio.  Notice   the   uniform   relationship   along  
c=0.86  line,  while  only  number  of  samples  show  deviations  from  the  general  cluster.  
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   If   samples  with   gamma   ratio   values   outside   the   general   cluster   to   be   excluded  
from  the  dataset,  a  straightforward  gamma  ratio-­sonic  ratio  relationship  can  be  obtained  
(Figure  3.8).  Gamma  ratio  is  especially  helpful   in  determining  the  relationship  between  
coarse  and  fine  moldic  pores.  
   In   our   previous   plots   (Figure   2.7)   moldic   porosities   displayed   the   most  
unpredictable   velocity-­porosity   trends.   In   gamma   ratio   against   velocity   ratio   crossplot  
(Figure   3.8d),   however,   coarse   moldic   porosity   displays   higher   correlation   coefficient  
than  fine  moldic  porosity.  As  coarse  moldic  porosities  generally  exhibit  higher  flexibility  
of  the  frame  under  shear  deformation  (Ȗȝ  >  Ȗ  than  compared  to  fine  moldic  porosity,  the  
gamma  ratio  values  are  also  relatively  higher  for  coarse  moldic  pores.  The  same  is  also  
applicable   in   interparticle   versus   intraparticle   porosity   rocks,  where   intraparticle   pores  
exhibit  higher  gamma  ratios  and  hence,  lower  shear  deformation  relative  to  interparticle  
porosity.  
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Figure  3.8  Gamma  ratio   relative   to   sonic   ratio.   (a)  highly  cemented,   low  porosity,   (b)  
interparticle   and   intraparticle   porosity,   (c)   micro-­porosity,   (d)   coarse   and   fine   moldic  
porosity  
  
3.3   Pore  Stiffness  Model  
  
   So  far  we  related  Sun  (2000,  2004)  model  to  lithology  and   respective  carbonate  
pore  structures.  However,  elastic  parameters,  such  as  frame  and  pore  compressibilities  in  
particular,   are   essentially   important   in   quantification   of   pore   structures   in   carbonates.  
Relating  the  velocity  to  elastic  moduli,  which  are  expressed  as  the  intrinsic  measures  of  
the   rock   frame   and   pore   space   compressibilities,   can   be   the   best   way   to   perform  
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quantification   of   sonic   measurements   in   terms   of   material   properties.   The   two   main  
elastic  moduli  are  known  as  the  shear  and  bulk  frame  moduli,  which  are  functions  of  the  
porosity   (Figure   2.14).   The   measured   velocities   depend   on   the   pore   fluid  
compressibilities,   while   the   pore   space   may   be   filled   with   one   or   more   fluids.   The  
inversion   of   the   velocities   to   the   frame   and   fluid   moduli   may   distinguish   the   fluid  
saturation   effects,   which   can   ascribe   the   different   pore   fluids   (e.g.,   oil   and   gas   from  
water).  
   Biot  (1956)  poroelasticity  theory  provides  a  general  framework  for  prediction  of  
sonic  velocities,    
  
cVp





   c  fl  (1)m    (3-­14)  
   c  fl  (1)m    (3-­15)  
  
where;;  
Kfl  ±  pore  space  bulk  modulus,  
Kdry  ±  dry  rock  bulk  modulus,  
ȝ  ±  wetted  frame  shear  modulus,  
ȡc  ±  composite  or  total  density,  
ȡfl  ±  fluid  density,  
ȡm  ±  matrix  density.  
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   As  seen   from  Equation   (3-­14),   the  dependency  of   shear  wave   velocity  on   fluid  
characteristics   is   rather   weak   and   enters   through   ȡc.   The   compressional   velocity   in  
Equation   (3-­13),   however,   involves   the   pore   space   modulus   Kĳ.   Pore   stiffness   is   the  
inverse  of  the  rock  space  compressibility  at  a  constant  pore  pressure  (Russell  and  Smith,  
2007).   Betti-­Rayleigh   reciprocity   theorem   introduces   a   relationship   where   pore   space  
stiffness,  Kĳ,  is  related  to  the  dry  rock  bulk  modulus,  Kdry,  the  mineral  bulk  modulus,  Km,  








   (3-­16)  
  
   The   equation   3.16   is   also   the   direct   physical   link   between   the   dry   and   fluid-­
VDWXUDWHG PRGXOL DQG LV WKHUHIRUH WKH EDVLV RI *DVVPDQQ¶V HTXDWLRQ IRU IOXLG
substitution.   The   pore   space   compressibility   of   a   rock   provides   a   model-­independent  
descriptor  of   porosity   and  pore   type   effect   on   effective  moduli   (Baechle   et   al.,   2006).  
Figure   3.9   is   the   crossplot   of  .ĳ   against   porosity/velocity,   although   for   certain   pore  
types   significant   deviations   are   present.  Densely   cemented,   indurated   rocks,   generally,  
have   low  porosities  and  high  velocities,  corresponding  to  higher  pore  stiffnesses   in  the  
diagram.  Interparticle,  fine  moldic  and  micro-­porosity  on  the  contrary  display  the  lowest  
.ĳ YDOXHV LQ WKH FURVVSORWV &RDUVH PROGLF DQG LQWUDSDUWLFOH SRURVLWLHV VKRZ   similar  
relationships  to  highly  cemented,  low  porosity  rocks,  displaying  one  of  the  highest  pore  
stiffness  values.  Even  though  creation  of  vuggy  porosity  will  increase  porosity,  this  will  
not  necessarily   increase  the  pore  space  compressibility.  Hence,   the  pore  space  stiffness  
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will  be  higher  for  most  of  these  samples,  as  acoustic  energy  potentially  bypasses  the  pore  
space  in  the  surrounding  stiff  frame.  
   In   order   to   quantify   the   velocity   deviations   at   a   given   porosity   Baechle   et   al.  
(2006)  introduced  a  new  variable  ±  k,  which  represents  the  ratio  of  pore  space  stiffness  
over  mineral  modulus.  
   k  K / Km    (3-­17)  
  
   Pore   space   stiffness   (k)   provides   a   non-­linear   porosity-­bulk   modulus   trend   of  
specific  carbonate  pore  types.  Constant  k  values  of  0.5,  1.0,  and  2.0  generate  trend  lines  
in  the  normalized  bulk  modulus-­porosity  diagram  (Figure  3.10).  By  generating  constant  
݇   trends   in   the  diagram  we  can   link  normalized  constant  pore   space  stiffness  values   to  
endmember   carbonate   pore   types.   The   dataset   demonstrates   a   non-­linear   feeble  
relationship  between  pore  space  stiffness  (݇)  and  specific  pore  types  over  wide  range  of  
porosities.  Carbonate  rocks  having  only  micro-­SRURVLW\ILQHPROGLFSRURVLW\ȝP
and   interparticle/intercrystalline   pores   generally  manifest   lower   normalized   pore   space  
stiffness   values;;  whereas   highly   cemented,   low  porosity   rocks   show  distinctive   higher  
YDOXHVRIDURXQG&RDUVHPROGLF!ȝPDQGLQWUDSDUWLFOHSRUHVDWWHQXDWHDURXQGk  
trendlines,   depending   on   their   level   of   connectivity,   which   exhibit   less   accountable  
outcomes.  
   67  
  
Figure  3.9  Pore  space  compressibility  (Kĳ)  relative  to  (a)  porosity  and  (b)  compressional  
velocity  (Vp).  Kĳ  displays  a  general  decreasing  and  increasing  trends  with  porosity  and  
Vp,  respectively.  
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Figure  3.10  Normalized  bulk  modulus  and  porosity  diagram  with  constant  pore  stiffness  
(k)   trend   lines   representing   a   non-­linear   relationship   between  pore   space   stiffness   and  
specific  pore  types  over  wide  range  of  porosities.  
  
3.4   Frame  Flexibility  Factor  and  Pore  Space  Stiffness  
  
   So  far  our  deterministic  approach  of   individually   linking  Sun  model  (2000)  and  
pore   stiffness   model   to   carbonate   pore   geometries   has   produced   meaningful   results  
which   fit  well  with  our  qualitative  pore   structure  observations.  Nevertheless,   finding  a  
relationship   between   pore   compressibility   and   frame   flexibility   factors   could   further  
delineate   how   porosity   and   pore   geometries   affect   the   mechanical   response   of   porous  
carbonate  medium  to  compressional  motion.  
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   As  mentioned  before,   frame   flexibility   factors  are   independent  of  porosity,  and  
the   more   flexible   the   frame   is,   the   larger   the   Ȗ   and   Ȗȝ   values   would   be   for   a   given  
porosity.  Physically,  this  also  implies  that  the  harder  the  formation  (better  coupling),  the  
smaller   the   values   of   these   frame   flexibility   factors   would   be   as   in   intraparticle   and  
moldic  porosity   rocks   (Sun,  2000).  Based  on   the  equation  derived   from  extended  Biot  
(1956)   theory,   we   can   relate   dry   bulk   modulus   to   the   compressibility   of   the   mineral  
matrix  through  bulk  coupling  coefficient  ±  Ȗ  (Sun,  2000):  
   Kd  Km(1)
    (3-­18)  
  
   In   retrospect,   however   pore   space   stiffness   is   the   inverse   of   the   pore   space  
compressibility   at   a   constant   pore   pressure   and   is   related   to   the   dry   rock   and  mineral  
bulk  modulus,  along  with  porosity  (Equation  3.16).  In  concert  with  the  Equations  3.16  








   (3-­19)  
  
   Figure   3.11   shows   that   for   a   given   porosity   the   pore   space   stiffness   increases  
with  decreasing  frame  flexibility  factor.  The  peculiar  manner  in  which  the  pore  stiffness  
value   shifts   towards   a   higher   value   in   low   porosity   carbonates   with   dense,   regular  
cementation   is   attributable   to   high   flexibility   (better   coupling)   of   the   rock.   Primary  
porosities   (micro-­porosity   and   interparticle/intercrystalline   porosity)   generally   show  
gamma  values  between  4  and  6.  Samples  with  micro-­  and  interparticle  porosity  have  less  
grain   contacts   and   grain   coupling   due   to   lack   of   cementation,   which   results   in   an  
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unconnected   grain   fabric,   hence   low   resistance   to   uniform   compression.   Fine   moldic  
pores  have  higher  gamma  values  than  coarse  moldic  ones,  due  to  less  rigid  rock-­frame  
and  higher  pore  connectivity.  Hence,   fine  moldic  porosity   falls  within  a   range  of   high  
compressibility.  Coarse  moldic  pores  show  two  different  behaviors.  While  some  coarse  
moldic   samples   show   higher   gamma   values   and   high   pore   stiffnesses,   others   exhibit  
lower   gamma   values   and   little   pore   compressibility   due   to   strong   and   more   rigid  
framework.   Generally,   samples   with   gamma   values   of   2-­3,   are   all   shallow   water  
platform  and  reef  deposits,  which  also  correspond  to  higher  velocities  (Figure  3.9).  
  
  
Figure  3.11  Pore  space  compressibility  versus  porosity  with  respect  to  constant  gamma  
values.  General  trend  shows  that  the  higher  the  gamma  values  the  lower  is  the  pore  space  
stiffness  of  the  rock.  
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   The  crossplot  of  pore  space  stiffness  against  frame  stiffness  factor  (Figure  3.12)  
shows   a   very   good   correlation   with   reflection   coefficient   of   0.96.   Rocks   with  
intercrystalline,  fine  moldic  and  micro-­porosity  generally  cluster  at  the  lower  left  corner  
of   the   trend.   Rocks  with   highly   rigid   framework   and   low   permeabilities   make   up   the  
higher   right   hand   corner   of   the   general   trend.   In   Figure   3.12  we   can   also   notice   how  
highly  cemented,   low  porosity  rocks   fall  out  of   the  general   trendline.  This  could  aid   in  
discriminating   the   densely   cemented,   indurated   rocks   in   carbonates   with   little   to   no  
permeabilities.  
  
Figure   3.12   Pore   space   stiffness   versus   frame   stiffness   factor.   Notice   how   densely  
cemented,  low  porosity  rocks  fall  out  of  the  general  trendline.  
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3.5   Conclusion  
  
   This  section  had  a  major  focus  on  pore  size  and  pore  type  effect  on  velocity  with  
implication  of  carbonate  rock  physics  models.  With  the  application  of  Sun  (2000,  2004)  
and  Pore  Stiffness  models  on  Bahamian  carbonate  samples,  we  have  come  to  meaningful  
results  which  fit  well  with  our  qualitative-­pore  structure  observations.  
   The  simplified  carbonate  rock-­physics  velocity  model  developed  by  Sun  (2000)  
SURYLGHVDNH\HODVWLFSDUDPHWHUFDOOHG ³IUDPH IOH[LELOLW\ IDFWRUV´ZKLFKTXDQWLILHV WKH
effect  of  pore  structure  on  elastic  properties  of  carbonates.  Our  study  shows  that  for  core  
samples  at  a  given  porosity,   the   lower  the   frame   flexibility   factors  the  higher  the  sonic  
wave   velocities.   Frame   flexibility   factors   less   than   4   are   generally   either   rocks   with  
visible  moldic   pores   or   intraframe  porosity,   and   samples   with   frame   flexibility   factors  
greater   than   4   are   sucrosic   dolomites   with   dominant   intercrystalline   porosity,   micro-­
porosity  or  densely  cemented,  low  porosity  rocks.  Hence,  for  a  given  porosity  generally  
higher  gamma  values   relate   to   rocks  with  more  grain  contacts  and  coupling  and   lower  
gamma  values  relate  to  samples  with  rigid  rock  frames.  
   The  f  parameter  describing  the  stiffness  and  the  rigidity  of  the  rock  frame  under  
deformation   shows   that   for   core   samples   at   a   given   porosity,   the   lower   the   frame  
stiffness  factors  the  lower  is  the  sonic  wave  velocities.  ,  Hence  lower   f  (stiffness)  and  Iȝ  
(rigidity)  values  relate  to  rocks  (micro-­  and  intercrystalline  porosity)  which  can  deform  
easily   under   compressional   and   shear   motion,  whereas   rocks  with   low   frame   stiffness  
factors  (moldic,  intraparticle  porosity  and  highly  cemented,  low  porosity)  are  in  general  
insensitive   to   stress  and  show  high  elastic   rigidity  of   the   framework.  Nevertheless,   the  
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frame  stiffness   factor  against  porosity  diagram  displays   a   larger   scatter  around  best-­fit  
curve,   than   frame   rigidity   factor.   The   large   deviations   are   generally   the   product   of  
variable   elastic   behavior   of   intraparticle   and   coarse   moldic   pores,   which   have   self  
supporting   framework   with   high   elastic   rigidity   resulting   in   higher   shear   deformation  
and  higher  compressibilities.    
   The   porosity   independent   physical   parameter   c   (gamma   ratio)   has   an   average  
value  of  0.86  for  our  samples.  Gamma  ratio  that  quantifies  the  shear  deformation  relative  
to   compressibility   shows   general   uniform   relationship   with   Vp/Vs   ratio,   where   large  
deviations   from   mean   gamma   value   correspond   to   endmember   sonic   velocity   ratios  
(either  very  high  or  very  low).  
   Pore   space   stiffness   model   provides   a   non-­linear   porosity-­bulk   modulus  
relationship  for  carbonate  pore  types.  Constant  k  (Kĳ/Km)  values  generate  constant  trend  
lines   in   the   normalized   bulk   modulus-­porosity   diagram,   providing   a   non-­linear   feeble  
relationship   between   pore   space   stiffness   and   specific   pore   types   over   wide   range   of  
porosities.  Carbonate  rocks  having  only  micro-­SRURVLW\ILQHPROGLFSRURVLW\ȝP
and   interparticle/intercrystalline   pores   generally  manifest   lower   normalized   pore   space  
stiffness   values;;  whereas   highly   cemented,   low  porosity   rocks   show  distinctive   higher  
values  of  around  0.2.  
   Finding  a  relationship  between  pore  compressibility  and  frame  flexibility  factors  
further  delineated  how  porosity  and  pore  geometries  affect  the  mechanical  response  of  a  
porous  carbonate  medium   to  compressional  motion.  The   results   imply   that   for  a  given  
porosity   the   pore   space   stiffness   increases   with   decreasing   frame   flexibility   factor.  
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Primary   porosities   (micro-­porosity   and   interparticle/intercrystalline   porosity)   and   fine  
moldic  pores  generally  display  low  resistance  to  uniform  compression,  where  rocks  with  
coarse  moldic   and   intraparticle  porosities   relate   to   low  gamma  and  high  pore   stiffness  
values.  Generally,   samples,  which   fall   between   gamma   values   of   2   and   3   are   all   fast  
shallow  water  platform  and  reef  deposits.  The  relationship  of  pore  space  stiffness  with  
frame  stiffness  factor  displays  a  general  trend  with  reflection  coefficient  of  0.96.  While  
rocks  with  intercrystalline,  fine  moldic  and  micro-­porosity  generally  cluster  at  the  lower  
left   corner   of   the   trendline,   rocks  with   highly   rigid   framework   and   low  permeabilities  
make  up  the  higher  right  hand  corner  of   the  general   trend.  The  crossplot  of  pore  space  
stiffness   with   frame   stiffness   factor   also   aid   in   discriminating   the   densely   cemented,  
indurated  rocks  in  carbonates  with  little  to  no  permeabilities.  
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4.   THE  EFFECTS  OF  PORE  TYPES  ON  CO2  FLUID  SUBSTITUTION  
  
4.1   Introduction  
  
   The   previous   two   sections   discussed   the   qualitative   and   quantitative  
interpretation  of  carbonate-­specific  pore  types  through  their  acoustic  properties  and  rock  
physics   models.   The   two   techniques   used   for   rock-­physics   analysis   were   Sun   model  
(2000)   and   pore   stiffness   models   (Baechle   et   al.,   2006).   The   results   imply   that  
quantification  of   the  pore  geometries   can  be  done  based  on  the  key  elastic  parameters,  
which  are  pure  representations  of  the  flexibility  of  the  frame  and  connectivity  of  the  pore  
space.  
   In  this  section,  we  perform  a  brief  analysis  of  *DVVPDQQ¶VPRGHO LQ  carbonates.  
The  computation  results   indicate  that  carbonate  samples  do  seem  to  suffer  changes  that  
are   detectable   in   velocities   and   elastic   properties.   *DVVPDQQ¶V HTXDWLRQ IRU IOXLG
substitution  is  used  for  time-­lapse  seismic  monitoring,  which  is  an  important  part  of  any  
seismic   attribute   analysis,   as   it   provides   pilot   computations   for   various   fluid   scenarios  
before  the  actual  flooding  process.  Fluid  replacement  modeling  is  a  procedure  whereby  
the  in-­situ  properties  of  a  reservoir  are  replaced  with  alternate  values  from  which  seismic  
parameters   such   as   compressional   and   shear   wave   velocities   and   density   can   be  
computed  (Russell  and  Smith,  2007).  
   For   this   study   we   initially   validate   *DVVPDQQ¶V WKHRU\   in   carbonates   and   its  
assumptions.  Following,  we  theoretically  saturate  the  initially  water  saturated  carbonate  
samples   selected   from   GBB   with   oil.   Then,   we   simulate   the   flooding   of   the   same  
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samples  with  CO2   both   in   liquid   and  gas   phase.  GBB  carbonate   samples   offer   a   great  
opportunity   for   this   study,   particularly   due   to   their   high   porosities.  As   high   porosities  
increase   the   volume   of   fluid   in   the   rock,   the   large   seismic   responses   and   dry-­frame  
compressibilities   allow  us   to   better   sense   the   pore   fluid.  Bahamian   samples   consist   of  
different   pore   types,   porosities   and   permeabilities;;   nevertheless  we  must   be   careful   in  
generalizing  our   results   to  all   carbonates,  as  our  samples  are   from  a  modern  carbonate  
province  with  generally  extremely  high  porosities.  
  
4.2   Method  
  
   We  use  a  time-­lapse  seismic  monitoring  technique  to  investigate  the  changes   in  
carbonate  rock  properties   induced  by  CO2  and  the  effect  of  endmember  carbonate  pore  
types  on  the  elastic  properties  of  the  saturated  rock.  Seismic  monitoring  of  CO2  saturated  
rocks   provides   a   quantitative   estimation   of   elastic   properties   for   different   pore   types  
before  and  after  the  fluid  substitution.  
   All   GBB   laboratory   measurements   were   done   on   water   saturated   miniplug  
sampes   (2.5   or   3.8cm   in   diameters)   at   different   effective   pressures.   Initially,   all  
carbonates  are   theoretically   saturated  with  oil   and   the  density,  compressibility,  and   the  
rigidity  of   both  oil   and   the   rock  are   then   computed.  Later  on,  carbonates  are   saturated  
with   the   new   fluid,   which   in   this   case   is   CO2   in   liquid   and   gas   phase   and   the   new  
densities  and  elastic  moduli  of  rocks  are  computed  thereafter.    
   The  generally  accepted  method  of  doing  the  fluid  replacement  modeling  is  with  
modified  Biot-­Gassmann  equations  (Gassmann,  1951;;  Biot,  1956):  









   (4-­1)  
  
where  Csat  is  the  compressibility  of  rock  saturated  with  fluid,  Cdry  is  the  compressibility  
of  the  dry  tock  frame,  Cm  is  the  compressibility  of  the  mineral  matrix,  Cfl    is  the  
compressibility  of  the  pore  fluid,  ĳLVWKHporosity  of  the  rock.  
   There  are  many  alternate  forms  of  the  Biot-­Gassmann  equation  besides  this  one,  
but   we   find   this   form   to   be   the   easiest   to   work   with   when   performing   the   fluid  
substitution   modeling.   Biot-­Gassmann   estimates   the   saturated   compressibility   (Csat)  
through  the  compressibility  of  the  matrix  material  (Cs),  of  the  dry  rock  frame  (Cdry),  of  
the  fluid  (CflDQGWKHURFNSRURVLW\ĳ7KHFRPSUHVVLELOLW\RIWKHURFNLVWKHLQYHUVHRI
the  rock  bulk  modulus  (stiffness)  at  a  constant  pore  pressure.  Equation  (4-­1)   is  used  to  
simulate   the   fluid   mixture   into   the   pore   space   and   obtain   the   final   effective   elastic  
properties  for  the  saturated  rock.  
   Despite   the  widespread   use   of   this   equation   in   fluid   substitution   scenarios,   the  
DSSOLFDELOLW\RI*DVVPDQQ¶VHTXDWLRQLQFDUERQDWHVLVVWLOOQRWZHOOXQGHUVWRRG3DUWRILW
is   due   to   the   violation   of   many   assumptions   for   SRURXV V\VWHP WKDW *DVVPDQQ¶V
derivation   is   based   on.   One   of   the   major   assumptions   behind   this   equation   is   shear  
modulus  being  independent  of  the  pore  fluid  content:  
   sat  dry    (4-­2)  
  
where,  ȝ LV VKHDUPRGXOXV RI WKH URFN7KHPDMRU UHDVRQLQJ EHKLQG WKLV LV WKDW IOXLGV
have  a  shear  modulus  of  zero,  so  we  expect  the  shear  modulus  of  dry  and  fluid  saturated  
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rocks   to   remain   unaltered.   However,   the   grain   contacts   in   carbonates   can   stiffen   or  
weaken   with   fluid   changes   in   the   pore   system,   where   shear   modulus   actually   does  
change  with  saturation  (Baechle  et  al.,  2005;;  Adam  et  al.,  2006).  Thus,  shear  modulus  in  
CO2   saturated   rocks   should   be  well   thought   out   before   the   calibration   of  *DVVPDQQ¶V
equation  for  carbonates.  
   Later  assumption   indicates   that   the  pore   fluid   has   no  chemical   influence   to  the  
solid   frame.   Nevertheless,   it   is   obvious   that   the   injection   of   CO2   will   induce   some  
physicochemical  processes  resulting  in  alterations  within  the  rock  frame.  The  pore-­scale  
changes  can  either  be  pore-­openings  of  some  originally  closed  thin  pores  or  fractures  or  
increase   the   bulk   density   of   the   rock   (Lumley   et   al.,   2008;;   Vanorio   et   al.,   2010).  
Subsequent   assumption   includes   the   porous   frame   being   monomineralic.   Considering  
that  our  pure  carbonates  have  little  variations  in  mineralogy,  it  will  have  little  influence  
on  our  fluid   substitution  model.  However,  carbonates  commonly  have  wider  variety  of  
textures  and  have   relatively  unstable  mineralogy   than  clastic   rocks.  Other  assumptions  
include   the   pores   being   in   flow  communication  with   each   other   and   the   pore   pressure  
being   in   equilibrium   between   pores,   which   can   be   achieved   at   very   low   frequencies.  
Thus  turning  to  the  practical  aspect  of  the  matter,  Gassmann¶s  fluid  substitution  scheme  
might  underpredict  the  time-­lapse  changes  induced  by  fluid  substitution  (Vanorio  et  al.,  
2010).  Despite  all  these  assumptions  behind  Biot-­Gassmann  theory,  beautify  of  equation  
(4.1)  is  its  simplicity  as  well  as  the  fact  that  the  variables  have  physical  meaning  and  can  
be  directly  measured.  
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   Prior   to   delving   into   Gassmann   substitution   model,   we   must   define   the  
compressibility   of   the   mineral   matrix.   Using   the   compositional   lithology   from   core  
samples   we   can   calculate   the   bulk   modulus   of   the   mineral   matrix   (inverse   of   the  
compressibility   of   the   mineral   matrix)   via   application   of   Voigt-­Reuss±Hill   (VRH)  
averaging   of   the   mineral   constituents.   A   VRH   average   is   simply   the   average   of   the  
harmonic   (Reuss   average)   and   arithmetic   (Voigt   average)   means   of   the   mineral  
constituents   (Smith   et   al.,   2003).   Carbonate   samples   from   GBB   are   exclusively  
constituted  of   three   endmember  mineralogy  of   calcite,   dolomite   and   aragonite.  Hence,  











   (4-­3)  






KReuss KVoigt   
(4-­5)  
  
where  F1,  F2  and  F3  are   volumetric   fractions  of   three  mineral  components,  and  K1,  K2  
and  K3  are  the  bulk  modulus  of  endmember  calcite  (76.8  GPa),  dolomite  (94.9  GPa)  and  
aragonite  (44.8  GPa).    
   The  quality  of  our  substitution  model  is  also  highly  dependent  on  the  accuracy  of  
fluid   parameters,   especially   the   properties   of   CO2   in   liquid   and   gas   phase.   The   CO2  
properties  are  estimated  based  on  rock  physics  study  of  Wang  et  al.  (1998)  in  McElroy  
field.   In   their   study   they   used   a  CO2  with   purity  >99.5%  obtained   from  a   commercial  
source,  with  critical   temperature  and  pressure  at  31  ºC  (88  ºF)  and  7.4  MPa  (1070  psi)  
respectively  (Wang  et  al.,  1998).  CO2  behaves  like  a  gas  above  the  critical  temperature,  
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whereas  below  the  critical  temperature  and  above  the  critical  pressure  CO2  will  be  in  its  
liquid  phase  (Wang  et  al.,  1998).  
   In   general,   the   properties   of   CO2   are   dramatically   different   from   properties   of  
either  water  or  oil   (Wang  and  Nur,  1989).  As  seen   from  Figure  4.1,  at  higher   injection  
pressures  CO2   density   can   reach   the   density   of  water,  while   its   bulk  modulus   remains  
below   that   of  water.  The   properties   of  CO2   change   rapidly   between  pore   pressures   of  
1000  and  1500  psi.  The  gaseous  phase  of  CO2  occurs  at  pore  pressures  lower  than  1000  
psi,  and   it  becomes   liquid  at  pore  pressures  above  1000  psi.  Compressional  velocity  of  
liquid  CO2  increases  with  increasing  pore  pressure,  while  the  velocity  of  CO2  gas  phase  
decreases  as  pressure  increases.  
   For  our  fluid  substitution  model  nine  core  samples  from  both  drillholes  of  Clino  
and  Unda  are  selected.  The  first  four  samples  have  porosities  between  39  and  41%,  the  
later  three  have  porosities  between  33-­35%  and  last  two  are  lower  porosity  samples  (23-­
24%),   all   of  which   are   from   different   pore   geometries   with   velocity   measurements   at  
1000  and  2500  psi  effective  pressures  (Table  4.1).  
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Figure  4.1  Velocities  (left  y-­axis),  bulk  moduli  (right  y-­axis)  (a),  and  bulk  density  (b)  
versus  pressure  in  CO2  at  86  ºF  (30  ºC)  (Wang  et  al.,  1998).  
  
Table  4.1  Data  table  for  nine  core  samples  from  GBB  used  in  the  substitution  model.  











@1000psi   @2500psi  
17   39   coarse  moldic   platform   5043   1930   5064   1948  
18   41   fine  moldic   platform   4392   1919   4376   1966  
42   41   interparticle   reef   3192   1364   3330   1407  
28   40   micro-­porosity   slope   2368   983   2681   992  
21   33   coarse  moldic   reef   4110   2163   4135   2172  
32   35   micro-­porosity   slope   2983   1420   3112   1453  
8   35   intraparticle   reef   4858   2580   4941   2588  
2   23   coarse  moldic   platform   4998   2601   5007   2612  
49   24   fine  moldic   slope   4641   2519   4058   2521  
  
   As   seen   from   Figure   4.2   our   selective   samples   for   this   study   have   completely  
different  compressional  and  shear-­wave  velocities,  even  in  rocks  with  the  same  porosity  
range.  The  pore  types  are  representative  of  moldic,  interparticle,  intraparticle  and  micro-­
porosities.   Figure  4.2  displays   how   frame   flexibility   factors   also  change  with   effective  
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pressure.  As   indicated   in  Section  3,   lower  gamma  values  relate  to  better  grain  contacts  
with   rigid   rock   frames.  Hence,  all   velocity-­pressure   traces  plotted   in   the  graph   (Figure  
4.2)   display   in   fact   a   systematic   pattern   of   decreasing   frame   flexibility   factors   with  
increasing  effective  pressures  due  to  better  grain  contacts  and  the  closing  of  microcracks  
with  increasing  pressure  (Table  4.2).  
   The   compressional   velocity   against   multiple   effective   pressure   points   (Figure  
4.3)   shows   that   apart   from   two   lower   porosity   samples   (2   and   49)   all   samples   are  
pressure   dependent.  High  porosity  moldic   rocks   can   reach  maximum   velocities   during  
increasing   pressures   and   suddenly   begin   to   decrease   above   a   critical   pressure.   This  
velocity  decrease  is  due  to  continuous  disintegration  of  the  sample,  destroying  the  partly  
cemented   grain   contacts   that   transmit   the   acoustic   signal;;   however   eventually   velocity  
can   increase  again,  because  the  newly   formed   fractures  that  reduce  velocity   in  the   first  
place  are  now  being  closed  by  the  further  increase  in  effective  pressure  (Anselmetti  and  
Eberli,  2001).  Slow  samples  of  intercrystalline  and  micro-­porosity  show  gentle  increase  
in  velocities  with  increasing  pressure,  as  these  samples  are  soft  and  unconsolidated.  
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Figure  4.2  Measured  compressional  and  shear-­wave  velocities  with  respect  to  the  frame  
flexibility   factors   at   1000   and   2500psi   effective   pressures.   Porosities   range   as   (a)   39-­
41%,  (b)  33-­35%,  and  (c)  23-­24%.  
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Table  4.2  Frame  flexibility  factors  and  gamma  ratio  for  core  samples  used  in  the  study  
of  fluid  substitution  model.  
Sample  
ĳ
%   Pore  type  
Depositional
environment  
Ȗ   Ȗȝ   c   Ȗ   Ȗȝ   c  
@1000psi   @2500psi  
17   39   coarse  moldic   Platform   1.28   2.89   2.26   1.27   2.85   2.25  
18   41   fine  moldic   Platform   2.01   2.77   1.37   2.08   2.67   1.29  
42   41   interparticle   Reef   3.94   4.63   1.18   3.67   4.51   1.23  
28   40   micro-­porosity   Slope   5.23   6.09   1.16   3.89   6.05   1.56  
21   33   coarse  moldic   Reef   3.41   2.92   0.86   3.36   2.90   0.86  
32   35   micro-­porosity   Slope   5.26   4.73   0.90   4.82   4.63   0.96  
8   35   intraparticle   Reef   2.70   2.57   0.95   2.56   2.56   1.00  
2   23   coarse  moldic   Platform   3.11   2.71   0.87   3.11   2.68   0.86  
49   24   fine  moldic   Slope   3.57   2.91   0.82   3.51   2.90   0.83  
  
   In   our   substitution  model   pore   pressure   is   subject   to   change   for   different   fluid  
scenarios,  while   the  effective  pressure   is  kept  constant   (1000  psi  and  2500  psi),   as   the  
pore  pressure  change  is  exactly  balanced  by  an  increase  in  confining  pressure  (Equation  
4.6).  Thus  the  controlling  variable  for  velocity  variation  is  effective  pressure.    
     Peff  Pc PPore    (4-­6)  
where  Peff,  Pc  and  Ppore  are  effective,  confining  and  pore  pressures  respectively.  The  pore  
pressures  for  water  saturated,  oil  saturated,  CO2  gas  and  liquid  saturated  rocks  are  taken  
at  300  psi,  500  psi,  1000  psi  and  2000  psi  respectively.    
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Figure   4.3  Measured   compressional   velocities   with   different   effective   pressures,   for  
core  samples  used  in  the  study  of  the  fluid  substitution  model.    
  
4.3   Results  
  
   The  simulated  substitution  of  water-­wet  samples,  with  oil  and  later  with  CO2  in  
gaseous  and  liquid  phase  results  both  in  different  compressibilities  and  velocities.  Figure  
4.4  displays   the  effect   of   fluid   substitution  on   rock  compressibilities   for  different   fluid  
phase  scenarios.  CO2  flooding  decreases  the  bulk  modulus  for  core  samples  used  in  this  
model   at   both   effective   pressure   points   (1000   psi   and   2500   psi),   the   decrease   being  
slightly  more  for  CO2  in  gaseous  phase  (Tables  4.3  and  4.4).  
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   The   shear-­wave   velocities,   however,   increase   with   CO2   substitution,   as   the  
density   of   each   individual   fluid   phase   decreases  while   shear  modulus   is   kept   constant  
(Figure  4.5).  The   increase   in  Vs   for  gas  phase  CO2  saturation   is  much  higher   than   for  
liquid  CO2.  The   reason   behind   this   phenomenon   is   the   change   in   rock   densities   being  
higher  for  CO2  gas  saturated  rocks  than  for  CO2  liquid  saturated  samples  (Tables  4.3  and  
4.4).  The  amount  of  porosity  is  also  important  for  density  effect  on  velocity,  as  the  grain-­
to-­grain   contacts   are   important   factors   for   stiffening   and  weakening   effects  with   fluid  
changes  (Baechle  et  al.,  2009).  Therefore,  higher  porosities   result   in  higher  decrease   in  
density  and  hence,   in  higher  Vs.  In  concert,  shear  wave  velocities   is  a   function  of  CO2  
fluid  phase  (pore  pressure),  density  and  subsequently  the  total  porosity.  
   The   compressional-­wave   velocities   show   much   unpredictable   behavior   than  
implied   in   compressibility   and   shear-­wave   velocities.   As   seen   in   Figure   4.6   all   CO2  
liquid  saturations   (with  pore  pressures  at  2000  psi)   show  a  substantial  decrease   in  Vp,  
whereas   CO2   gas   saturation   (with   pore   pressures   at   1000   psi)   can   either   decrease   or  
increase  depending  on  the  pore  types.    
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Figure  4.4  Bulk  modulus  against  effective  pressure  plot  for  different  samples  at  different  porosities.  The  samples  are  saturated  
with   water,   oil,   CO2   gas   and   CO2   liquid   respectively.   The   representative   pore   types   are   coarse   moldic,   fine   moldic,  
interparticle,  intraparticle  and  micro-­porosities.  
87  
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Figure   4.5   Shear-­wave   velocities   against   effective   pressure   plot   for   different   samples   at   different   porosities.   The   samples   are  
saturated   with   water,   oil,   CO2   gas   and   CO2   liquid   respectively.   The   representative   pore   types   are   coarse   moldic,   fine   moldic,  
interparticle,  intraparticle  and  micro-­porosities.   88  
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Figure   4.6   Compressional-­wave   velocities   against   effective   pressure   plot   for   different   samples   at   different   porosities.   The  
samples  are  saturated  with  water,  oil,  CO2  gas  and  CO2  liquid  respectively.  The  representative  pore  types  are  coarse  moldic,  
fine  moldic,  interparticle,  intraparticle  and  micro-­porosities.  
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Figure  4.6  implies  that  CO2  gas  saturated  samples  with  moldic  and   intraparticle  
porosities   (sample   18,   17,   21,   8,   2   and  49)   show   increase   in   compressional   velocities;;  
whereas   micro-­porosity   and   interparticle   porosities   (28,   42   and   32)   show   decrease   in  
compressional   velocities.   For   core   samples   that   show   decreasing   compressional  
velocities  with  CO2   gas   saturation,   the   bulk  modulus   effect   is  much   stronger   than   the  
density  effect.  It  means  that  the  decrease  in  bulk  modulus  after  the  CO2  gas  substitution  
is  much  higher  than  the  decrease   in  rock  densities  (Tables  4.3  and  4.4).  Therefore,   the  
compressional   velocities   for   those   samples   are   markedly   controlled   by   the   profound  
effect  of  compressibility  relative  to  density.  On  the  contrary,  the  core  samples  saturated  
with  CO2  gas  phase  display  an  increase  in  P-­wave  velocity,  which  is  a  control  of  density  
effect,  as  the  decrease  in  bulk  modulus  is  substantially  neglected  in  the  equation  (3.1).  
   As   seen   in   Figure   4.6,   CO2   liquid   saturated   samples   always   show   decrease   in  
compressional   velocities   as   the   change   in   densities   are   very   little   which   is   a   slight  
decrease   (Table   4.3).   This   results   in   higher   densities   than   implied   in   core   samples  
saturated   with   CO2   gas.   Hence,   in   this   fluid   phase   scenario,   Vp   values   are   being  
controlled  by  the  bulk  modulus  effect  rather  than  the  density  effect.  Having  said  so,  the  
much   higher   decreases   in   stiffness   result   in   much   more   pronounced   decrease   in  
compressional  velocities.     
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   Peff  @1000  psi   Peff  @2500  psi  
17   39   c.  moldic   40.90   1.99   -­1.91   -­0.25   41.17   1.99   -­1.87   -­0.25  
18   41   f.  moldic   26.74   1.94   -­5.19   -­0.27   25.89   1.94   -­5.52   -­0.27  
42   41   interparticle   12.04   2.01   -­17.71   -­0.26   13.77   2.01   -­15.29   -­0.26  
28   40   micro   4.39   2.01   -­40.19   -­0.26   8.24   2.01   -­23.61   -­0.26  
21   33   c.  moldic   19.61   2.12   -­10.56   -­0.20   19.99   2.12   -­10.26   -­0.20  
32   35   micro   8.45   2.08   -­27.12   -­0.22   10.09   2.08   -­22.91   -­0.22  
8   35   intraparticle   29.87   2.16   -­5.94   -­0.21   31.73   2.16   -­5.32   -­0.21  
2   23   c.  moldic   34.29   2.29   -­5.13   -­0.13   34.34   2.29   -­5.11   -­0.13  
49   24   f.  moldic   27.03   2.29   -­7.57   -­0.14   27.42   2.29   -­7.36   -­0.14  
  
Table  4.4  Effect  of  CO2  substitution  in  gaseous  phase  on  Bulk  Modulus  (K)  and  density  
ȡJURXSHGE\HIIHFWLYHSUHVVXUHVFDOFXODWHGusing  the  Gassmann  equation).  
#  
ĳ

















Peff  @1000  psi   Peff  @2500  psi  
17   39   c.  moldic   40.79   1.75   -­2.17   -­12.00   41.07   1.75   -­2.12   -­12.00  
18   41   f.  moldic   26.55   1.70   -­5.89   -­12.89   25.69   1.70   -­6.27   -­12.89  
42   41   interparticle   11.69   1.77   -­20.13   -­12.45   13.43   1.77   -­17.38   -­12.45  
28   40   micro   3.98   1.77   -­45.76   -­12.19   7.89   1.77   -­26.87   -­12.19  
21   33   c.  moldic   19.29   1.92   -­12.02   -­9.53   19.68   1.92   -­11.67   -­9.53  
32   35   micro   8.02   1.87   -­30.86   -­10.27   9.68   1.87   -­26.07   -­10.27  
8   35   intraparticle   29.62   1.95   -­6.75   -­9.89   31.48   1.95   -­6.04   -­9.89  
2   23   c.  moldic   34.04   2.15   -­5.83   -­6.16   34.08   2.15   -­5.81   -­6.16  
49   24   f.  moldic   26.72   2.14   -­8.62   -­6.43   27.11   2.14   -­8.38   -­6.43  
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   The  effects  of  CO2  saturation  on  the  velocities  are  calculated  by:  
Effect of flooding 
CO2 flooded velocityOil saturated velocity
Oil saturated velocity
100%    (4-­7)  
  
   As   mentioned   before   the   CO2   liquid   flooding   decreases   the   compressional  
velocities   at   all   effective   pressures   due   to   a  much  pronounced   effect   of   bulk  modulus  
(Figure  4.7).  The  Vp  decrease  ranges  from  0.6  to  16%,  with  the  extend  of  the  decrease  
being   a   strong   function   of   pore   types   (Table   4.5).   Samples   42,   32   and   28   with  
intercrystalline  and  micro-­porosity   show  more  decrease   in  Vp  after  being   flooded  with  
CO2   in   the   liquid   phase,   while   the   decrease   in   Vp   in   samples   with   intraparticle   and  
moldic   pores   is   relatively   small   (<3.5%).   The   shear   wave   velocities   after   CO2   liquid  
substitution  always  increase;;  Vs  change  increases  with  increasing  porosities.  
   As   seen   in   Figure   4.8,   the   compressional   velocities   after   gaseous-­phase   CO2  
sequestration  decrease  for  samples  with  interparticle  and  micro-­porosity  (28,  42  and  32).  
On  the  contrary,  Vp  increases  for  samples  with  moldic  and  intraparticle  porosity  (18,  17,  
21,  82,  49).  The  Vp  increase  is  a  function  of  porosity  for  rocks  saturated  with  CO2  gas  
saturant.   As   mentioned   before   porosity   is   important   for   density   effect   on   velocities;;  
hence,  Vp  change   for  rocks  with   increasing  compressional  velocities   is  higher   for  high  
porosities  and  lower  for  low  porosities  (Table  4.6).  The  shear  wave  velocities  after  CO2  
gas  substitution  always  increase,  with  that  the  increase  being  higher  for  high  porosities.  
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Figure   4.7   Effects   of   CO2   liquid   flooding   on   Vp   and   Vs   at   different   net   effective  
pressures  (Peff).  Each  data  point  is  labeled  with  the  sample  number.  
  
Table  4.5  Effect  of  CO2  substitution  in  liquid  phase  on  velocities,  grouped  by  effective  
pressures  (calculated  using  the  Gassmann  equation).  
#  
ĳ

















Peff  @1000  psi   Peff  @2500  psi  
17   39   c.  moldic   5072   1965   -­0.6   0.127   5095   1982   -­0.6   0.127  
18   41   f.  moldic   4343   1956   -­1.8   0.137   4322   2004   -­1.9   0.137  
42   41   interparticle   2925   1390   -­6.6   0.132   3094   1432   -­5.8   0.132  
28   40   micro   1878   1001   -­15.9   0.130   2338   1009   -­9.8   0.130  
21   33   c.  moldic   3959   2194   -­3.2   0.101   3988   2203   -­3.1   0.101  
32   35   micro   2612   1442   -­9.4   0.109   2783   1476   -­8.1   0.109  
8   35   intraparticle   4790   2619   -­1.7   0.105   4884   2627   -­1.6   0.105  
2   23   c.  moldic   4918   2625   -­1.6   0.065   4927   2636   -­1.6   0.065  
49   24   f.  moldic   4522   2543   -­2.2   0.068   4543   2546   -­2.2   0.068  
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Figure  4.8  Effects  of  CO2  gas  flooding  on  Vp  and  Vs  at  different  net  effective  pressures  
(Peff).  Each  data  point  is  labeled  with  the  sample  number.  
  
Table  4.6  Effect  of  CO2  substitution  in  gaseous  phase  on  velocities,  grouped  by  effective  
pressure  (calculated  using  the  Gassmann  equation).  
#  
ĳ

















Peff  @1000  psi   Peff  @2500  psi  
17   39   c.  moldic   5394   2134   5.7   8.74   5418   2153   5.7   8.74  
18   41   f.  moldic   4634   2139   4.8   9.49   4611   2191   4.7   9.49  
42   41   interparticle   3090   1514   -­1.4   9.11   3273   1561   -­0.3   9.11  
28   40   micro   1943   1089   -­13   8.90   2452   1098   -­5.4   8.90  
21   33   c.  moldic   4138   2340   1.2   6.75   4169   2350   1.3   6.75  
32   35   micro   2713   1546   -­5.9   7.33   2897   1582   -­4.3   7.33  
8   35   intraparticle   5027   2800   3.1   7.04   5128   2808   3.3   7.04  
2   23   c.  moldic   5061   2734   1.3   4.21   5072   2746   1.3   4.21  
49   24   f.  moldic   4657   2654   0.7   4.41   4678   2657   0.7   4.41  
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4.4   Conclusion  
  
   This  section  delivers   the  computational  results   for  CO2   fluid  substitution  model  
in   carbonates   and   performs   a   brief   analysis   for   Gassmann¶V   equation.   The   results  
demonstrate  that  carbonate  samples  seem  to  suffer  changes  due  to  the  fluid  substitution,  
detectable  with  sound  waves  and  elastic  moduli.  The  effect  of  CO2  flooding  on  seismic  
properties   of   the   rock   depends   on   many   factors,   such   as   the   compressibility   contrast  
between   the   pore   fluids   before   and   after   the   substitution,   the   pore   structure   of   the  
reservoir   rock,   the   injection   pressure   and   the   reservoir   pressure   buildup   and   formation  
temperature  (Wang  et  al.,  1998).  
   In   order   to   simulate   different   fluid   substitution   scenarios   by   contemplating   4  
saturation  conditions:  (1)  100%  brine  (the  in-­situ  fluid),  (2)  oil,  (3)  CO2  gas,  and  (4)  CO2  
liquid.  This  substitution  model  uses  both  CO2  liquid  and  gas  phase   in  order  to  separate  
pore   pressure   effect   from  CO2   effect   in   carbonate   pore   types.   The   effective   and   pore  
fluid   pressures   are   changed  during   each   substitution   cycle.  As  CO2   liquid   at   2000  psi  
pore  pressure  displaces  oil  in  the  rock  it  decreases  the  bulk  modulus  with  little  change  in  
the   bulk   density   of   the   reservoir   rock.   As   a   result,   the   Vp   decreases,   the   change   in  
velocity  ranging  from  -­0.6%  to  -­16%.  The  shear  wave  velocities  in  rocks  saturated  with  
CO2   liquid   phase   always   increase   (0.6%   to   14%),  while   the   change   in  Vs   decreasing  
with  decreasing  porosity.  
   For   gas   phase   CO2   saturation,   P-­wave   velocities   display   variable   results  
depending   on   the   carbonate   pore   types.   In   this   fluid   phase   scenario,   Vp   displays  
significant   decrease   for   samples   with   interparticle   and   micro-­porosity   rocks   while  
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increasing  for  samples  with  moldic  and  intraparticle  porosity.  The  shear  wave  velocities  
after  CO2   gas   substitution   always   increase  with   change   being   higher   for   high   porosity  
rocks.    
   Even  though  in  theory  Gassmann¶V  equation  predicts  that  Vs  essentially  increases  
with   CO2   flooding,   previous   studies   in   laboratory   measurements   (Wang   et   al.,   1998)  
have   shown   that  Vs,   in   fact,  decreases   by  approximately  1%.  The  shear-­wave  velocity  
prediction  by  Gassmann¶V   theory   is  only  controlled  by   the  density   contrast  of   the  pore  
fluids  before  and  after  the  substitution,  as  in  theory  shear  modulus  stays  unaffected  with  
saturation.  However,   the   grain   contacts   in   carbonates   can   stiffen   or  weaken  with   fluid  
changes  in  the  pore  system,  where  shear  modulus  actually  does  change  with  saturation.  
Furthermore,   it   is   important   to   reckon   the   CO2   induced   physicochemical   processes  
resulting  in  alterations  within  the  rock  frame.  This  will  contribute  in  porosity  changes,  in  
which  case,  ĳ  parameter   LQ*DVVPDQQ¶VHTXDWLRQ  will  not  be  taken  constant  before  and  
after  the  substitution.  Thus,  *DVVPDQQ¶VHTXDWLRQ  should  be  calibrated  prior  to  using  in  
any  CO2  fluid  substitution  computations  in  carbonates  in  order  to  avoid  the  assumptions  
of  a  constant  porosity  and  shear  modulus.  
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5.   MAIN  CONCLUSIONS  AND  RECOMMENDATIONS  
  
   This   research   reveals   theoretical   results   of   a   quantitative   study   intended   to  
evaluate   the   potential   changes   in   carbonate   acoustic   and   elastic   properties   after   CO2  
sequestration.   The   dataset   used   in   the   study   were   core   samples   from   two   drillholes  
(Clino  and  Unda)  drilled  at   the  western  margin  of  Great  Bahama  Bank.  The  Bahamian  
carbonates   range   from   unconsolidated   mud   to   lithified   carbonates,   exhibiting   a   wide  
range   of   pore   types,   rock   textures   and   depositional   environments,   which   provide   an  
excellent  flexibility  for  this  study.  
   We   observe   that   the   rock   age,   mineralogy   and   origin   had   minor   influence   on  
velocity  distributions   in  Bahamian  carbonates.  Even  though  these  rocks  exhibit   limited  
mineralogy,   the   sonic  velocities,  however,   show  remarkably  wide  range  of  values.  The  
main  factors  controlling  these  velocity  variations  are  depositional  environments,  porosity  
and  carbonate-­specific  pore  types.  
   The   depositional   environments   can   have   a   direct   influence   on   velocity  
distributions,  where   shallow  water  deposits   generally   show  higher  velocities  compared  
to  deeper  water  carbonates.  This  is  due  to  the  higher  content  of  metastable  minerals  and  
coarse   grain   sizes   in   shallow  platform   and   reef   deposits.  As   the   amount   of  metastable  
minerals  (Aragonite  and  High-­Mg  Calcite)  of  non-­skeletal  origin,  parallel  with  available  
pore  space   for  fluid   flow   increase,   they   further  stimulate  the  diagenetic  processes.  The  
velocity   evolutions   of   GBB   carbonates   reveal   that   a   sample   passing   through   several  
diagenetic   stages   result   in   many   different   pore   categories   through   its   burial   history,  
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making   the  pore  and  pore-­throat   system  more  complex,   thus   yielding  a  wider   range  of  
velocity  distributions.  
   Although,   the   porosity   demonstrates   a   general   trend   with   velocity,   the  
characteristic   influence  of  different  pore  types  on  elastic  properties   can   further   explain  
why   rocks  with   the   same  porosity  can   have   very  different  velocities.  The   results   show  
that  interparticle  and  micro-­porosity  rocks,  which  are  generally  not  embedded  in  a  rigid  
rock   frame,   result   in   lower   velocities   than   certain   moldic   and   intraframe   porosities,  
which  are  considered  as  frame-­forming  pore  types.  
   Porosity   and   permeability   are   two   critical   parameters   that   significantly   affect  
estimates   of   reservoir   properties.   However,   making   such   estimates   in   carbonates   can  
especially   be   challenging.   Therefore,   an   effective   rock-­physics   model   capable   of  
quantifying  the  different  pore  types  is  required  to  effectively  characterize  the  Bahamian  
carbonate  rocks  properties.  By  using  a  simplified  carbonate  rock-­physics  velocity  model,  
previously   introduced   by   Sun   (2000),   we   are   able   to   consider   all   governing   factors  
important   for   carbonate   reservoir   characterization.   The   elastic   parameters   used   in   the  
model  and  referred  to  as  frame  flexibility  factors  offer  a  structural  representation  of  the  
media.   Since   the   frame   flexibility   factors   are   independent   of   porosity,   they   vary  with  
other   parameters   such   as   geometry   of   porous  media,   the   amount   of   fine   grains,   grain  
compaction   and   grain   coupling.   As   a   result,   higher   frame   flexibility   values   relate   to  
rocks  with  more  grain  contacts  and  coupling,  while   lower  values   associate  with  highly  
rigid  rock  frame.  The  gamma  ratio  (c=ȖȝȖ  which  is  the  other  very  important  parameter  
introduced   in  the  model,  can  also  relate   to  acoustic  behavior  of  rocks.  The  geometrical  
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average  of  gamma  ratio,  approximated  either  from  core  plugs  or  even  at  the  well  location  
from  logs  in  the  studied  field  could  be  used  to  HVWLPDWHWKHȖȝ,  or  the  pseudo-­shear  wave  
velocity   (Vs)   from   sonic   logs  where   the   shear   log   data   is   not   available,   as   previously  
explained  by  Sun  (2004).    
   The  stiffness  (f)  and  rigidity  (fȝ)  factors  also  serve  as  good  quantitative  indicators  
of   pore   types   and   reservoir   rock   properties.   That   being   said,   the   lower   f/fȝ   values   are  
generally   associated   with   micro-­   and   intercrystalline   porosities,   which   deform   easily  
under  compressional  and  shear  motion.  On  the  contrary,  moldic,  intraparticle  and  highly  
cemented   rocks,   commonly   insensitive   to   stress,   show   higher   values   of   frame  
stiffness/rigidity  factors.  
   We   found   that,   the   combined  method  of  Sun   and  Pore  Space  Stiffness  models  
may   suggest   a   further   enhancement   in   our   carbonate   reservoir   characterization.   The  
results  reveal  that  for  a  given  porosity  the  pore  space  stiffness  increases  with  decreasing  
frame   flexibility   factors,   which   can   aid   in   discriminating   the   poor   carbonates   of   low  
permeabilities  from  highly  permeable  rocks.  
   In   this   thesis,   we   reveal   our   theoretical   results   through   a   brief   analysis   via  
*DVVPDQQ¶VPRGHOfor  available  carbonate  pore  types.  We  demonstrate  that  all  samples  
with   endmember   carbonate   specific   pore   types   seem   to   experience   changes   that   are  
detectable   on   our   velocities   and   elastic   parameters.   The   results   from   our   fluid  
substitution   model   suggest   that   the   changes   in   density,   compressibility   and   seismic  
properties   of   the   rock   are   mostly   governed   by,   both   the   pressure   conditions   and   the  
carbonate   pore   types.   A   comparison   between   samples   in   the   liquid   and   gaseous   CO2  
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saturated   state   showed   significant   variations.   We   observe   that   the   ultrasonic   Vp  
velocities   show   a   marked   decrease   in   the   order   of   0.6   to   16%  with   liquid-­phase   CO2  
immersion.  The  shear  wave   velocities   in   rocks  saturated  with  CO2   liquid  phase  always  
increase  (0.6%  to  14%),  and  the  change  in  Vs  decreases  with  decreasing  porosity.  
   For  the  gaseous-­phase  CO2  state,  Vp  shows  a  marked   increase   for  samples  with  
moldic   and   intraframe   porosities,   and   decrease   for   samples   with   intercrystalline   and  
micro-­porosities.  For  the  moldic  and   intraframe  samples,   the  decrease   in  bulk  modulus  
with  immersion  in  CO2  gas  is  much  less  than  the  decrease  in  bulk  density.  Hence,  the  Vp  
is   controlled   somewhat   by   the   density   effect,   as   the   decrease   in   bulk   modulus   is  
VXEVWDQWLDOO\ QHJOHFWHG LQ WKH *DVVPDQQ¶V HTXDWLRQ.   For   intercrystalline   and   micro-­
porosity   sample,   the   decrease   in   bulk   modulus   is   much   higher   than   bulk   density,  
therefore,  the  compressional  velocities  for  these  samples  evidently  are  controlled  by  the  
profound   effect   of   compressibility   relative   to   density.   The   Vs   velocities,   on   the   other  
hand,   always   show   an   increase   in   values   associated   with   the   density   change   of   CO2  
phases,  and  are  mainly  a  function  of  porosity.  
   Geological  sequestration  of  CO2  has  never  been  an  easy  task  for  the  oil  industry.  
Depending  on   the  depth  of   storage,  pore  pressure  and   temperature  CO2  will   behave   in  
various  phases.  It  may  exist  in  the  pore  space  of  the  subsurface  rock  both  as  in  gaseous  
or   liquid  phase.  Hence,   the   seismic  monitoring  of  CO2  sequestration  at  depth   is  highly  
dependent  on  the  CO2  as  a  pore  fluid,  where  its  elastic  properties  can  vary  significantly  
across  the  pressure  and   temperature   ranges.  Hence,   the  detailed  knowledge  of   the  CO2  
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properties  need  to  be  known  in  order  to  effectively  model  the  elastic  properties  of  rocks  
saturated  in  CO2.  
   ,WLV LPSRUWDQWWRDFNQRZOHGJHDOOWKHDVVXPSWLRQVE\*DVVPDQQ¶Vequation  that  
is   in   violation   with   carbonates.   Hence,   certain   errors   may   be   present   in   our   results.  
Firstly,   it   needs   to  be   taken   into  consideration   that  CO2   is   not  an   inert   fluid,   so   it   can  
react   with   the   rock   matrix   to   alter   or   dissolve   the   rock   frame   leading   to   secondary  
porosities.  Secondly,   turning   to  the  practical  aspect  of   the  matter   there   is  a   substantial  
violation  in  *DVVPDQQ¶VDVVXPSWLRQRIDFRQVWDQWVKHDUPRGXOXV,  especially  in  carbonate  
rocks.  The  grain  contacts   in  carbonates  can  stiffen  or  weaken  with   fluid  changes   in  the  
pore  system,  where  shear  modulus  actually  does  change  with  saturation.  Both  the  non-­
constant   porosity   with   time   and   non-­constant   shear   modulus   reflect   an   inconsistency  
ZLWK *DVVPDQQ¶V PRGHO 7KXV *DVVPDQQ¶V IOXLG VXEVWLWXWLRQ VFKHPH PLJKW
underpredict   the   time-­lapse   changes   induced   by   CO2   substitution.   Hence,   further  
experimental  studies  need  to  be  conducted  to  confirm  with  our  theoretical  results.  
   Nevertheless,   this   work   provides   significant   results   that   could   be   a   guide   for  
future   researches   on   time-­lapse   seismic   monitoring   of   carbonates   following   CO2  
injection   at   depth.  As   preliminary   results,   these   findings   look  promising.  To   conclude  
with,   this   research   represents  a   theoretical  attempt  that  will   assist   future   researchers   in  
better  understanding  the  effect  of  rock  types  on  seismic  monitoring  of  CO2  sequestration  
in  carbonates.  
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APPENDIX  A  
  
   The   dataset   from  measured   plugs   of   core   samples   of   two  drillholes   (Clino   and  
Unda)  from  Great  Bahama  Bank  (Anselmetti  and  Eberli,  1993).  The  displayed  acoustic  
properties  are  measured  at  a  confining  and  pore  fluid  pressures  of  10  MPa  and  2  MPa,  
respectively  (effective  pressure  =  8  MPa).  Depths  are  in  meters  below  mudpit  (mbmp).  
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APPENDIX  B  
  
   Frame  Flexibility  factors  and  gamma  ratio  values  calculated  from  Sun  (2000)  
model  for  all  89  carbonate  samples  from  GBB.  
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